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ABSTRACT 


Color indices of 254 relatively faint stars of all spectral types in the zone +25° to 
+ 30° were observed in the red and infrared with the photoelectric photometer employ- 
ing the Cs-O-Ag cell. The effective wave-lengths of the spectral regions used were ap- 
proximately 6g00 A and 8800 A, giving a scale of indices of 0.74 mag. for the interval 
Ao-Ko. No definite dependence of the color indices on H (= m+ 5 + 5 log uw) or on 
galactic latitude was found. The abnormal B3 and Bs stars observed in the blue by 
Stebbins and Huffer have infrared excesses too large to be accounted for by Rayleigh 
scattering. The relation between the indices of the bright stars observed by Hall at 
Yale and of these faint stars is derived by means of stars reobserved for the purpose. 
This equation is then used to compare the mean indices, for the various spectral types, 
of the bright stars observed by Hall with those of the relatively faint stars of this paper. 

Early in 1934 a new amplifying tube was added to the photoelec- 
tric photometer on the Loomis Telescope in order to improve the 
sensitivity. As a demonstration of the advantage of the modifica- 
tion, a program of color indices of relatively faint stars was selected 
from the catalogue of the AG Zone +25° to +30° recently reob- 
served at Yale. This catalogue contains the spectral classes and 
good photographic magnitudes of the stars; it has the further ad- 
vantage that this zone contains the galactic pole. 

The stars were chosen to give a fair sample of each spectral type 
in each hour of right ascension. Furthermore, for each spectral type, 
the stars were selected by their photographic magnitude so that the 


fainter intensity transmitted by either of the two filters should pro- 


' Vale Trans. 9, 1933. 
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258 ARTHUR L. BENNETT 


duce a minimum current corresponding to five divisions per second. 
Many stars, however, were measured for which the deflection was 
between two and five divisions per second. Because of the fainter 
photographic magnitude thus reached for the later-type stars, these 
are more numerous in the program. The average photographic mag- 
nitude for each spectral class is given in Table 3. 

The observation of the stars on the program was begun on May 23, 
1934, and completed on June 23, 1935. During this period, 984 ob- 
servations of the 254 stars were obtained on ninety nights. Although 
the intention was to get at least three observations of each star on 
three separate nights, there are twenty stars for which only two ob- 
servations were secured. 


THE PHOTOMETER 


The photometer described by Hall? was modified in several re- 
spects. An extension of the telescope tube was constructed so that 
the cathode of the photocell was approximately 45 cm behind the 
focal plane of the 15-inch photographic objective, for blue light. An 
iris diaphragm was mounted some 1o cm behind this focal plane, at 
the mean focus for red and infrared light. The cone of light diverg- 
ing from the focus was a circular spot about 9 mm in diameter at 
the distance of the cathode. The iris diaphragm was so collimated 
that the spot was centered on the cathode of the photocell. 

The Lindemann electrometer was replaced by the D 96475 elec- 
trometer tube developed by the Bell Telephone Laboratories. 
Through the helpful co-operation of the Sloane Physics Laboratory 
of Yale University it was possible to use its facilities for adjusting 
the elements of a modification of the Du Bridge and Brown: circuit. 
The galvanometer was satisfactorily free from the influence of varia- 
tion of the voltage of the six-cell storage battery supplying all po- 
tentials when the control grid was operated at the ‘‘floating”’ po- 
tential. Previous use of a similar tube had shown that the constant- 
deflection method described by Whitford‘ could not be made as sen- 
sitive as desired, owing to the limitation imposed by the time-con- 
stant of the circuit. It was decided, therefore, to use the constant- 


7 Ap. J., 79, 145, 1934. 


3 Rev. Sci. Instruments, 4, 532, 1933. 4 Ap. J., 76, 213, 1932. 
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voltage method that has been in general use for stellar photometry, 
with string and Lindemann electrometers, employing the tube not 
as an amplifier but purely as an electrometer. The sensitivity in this 
case was I1,100 mm per volt, as compared with about 250 divisions 
for the Lindemann electrometer, although this factor of 44 in sensi- 
tivity could not be fully realized because of the increase in drift and 
of random fluctuations. 
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Fic. 1.—The spectral sensitivity of the photocell and of its combination with each of 
the filters, for equal energy. 


The filters chosen for the color program were: for the infrared, 
Wratten filter No. 87 cemented in glass (here designated “‘A’’); and 
for the red, Jena glass filter BG 17, 5 mm thick (here designated 
“T)”). The sensitivity of the cell and the response with each of the 
filters, all for equal energy, are shown in Figure 1. These are approxi- 
mate, and should not be used for the computation of accurate effec- 
tive wave-lengths.’ The approximate values, however, are: for A, 
8800 A; and for D, 6900 A. These will vary considerably, of course, 
with the spectral type of the star. 

During October, 1934, a number of readings was taken, simul- 
taneously with the usual color observations, of the deflection with 


5 See Mees, ibid., 79, 513, 1934. 
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no filter interposed. The absorption of each of the filters was com- 
puted from these measures and is given in Table 1 for the various 
spectral types observed. The stars representing types B5 and Ao 
happen to be the ones with the greatest color excesses found for 
those types, and consequently the absorption does not agree well 
with that from the other stars observed. 


TABLE 1 
ABSORPTION ABSORPTION 
Sp No ¢ A D 
I — .110) (1.26) 
I (— .120) (1.31) (1.16) 
2 — .216 1.38 
2 + .044 I.20 
2 + .154 1.16 1.28 
3 + .136 i. 1.30 
3 + .355 1.04 I. 40 
Ko.. 9 + .454 0.98 1.46 
I + .673 0.89 1.60 


THE PROCEDURE AT THE TELESCOPE 


The Loomis Telescope is very conveniently provided with a to- 
inch guiding objective of the same focal length (50 feet) as the 
15-inch photographic objective. The eyepiece of this telescope, car- 
ried on a large double slide with the photometer and provided with 
illuminated cross-wires, serves admirably to center the image of the 
star on the iris diaphragm after the cross-wires have once been 
properly set. As soon as the star was centered, the grounding key 
was opened, permitting the galvanometer to be deflected at a rate 
corresponding to the photoelectric current. The galvanometer index 
was allowed a run of 15-20 mm to overcome the inertia of the gal- 
vanometer suspension. Then, as it passed the zero point on the scale, 
the stop watch was started, and finally stopped when the deflection 
reached a standard value some 10-25 seconds later. The interval 
over which the rate was timed varied from 50 to 350 mm, depending 
on the brightness of the star; the same range, however, was always 
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used for both filters on a given star. The readings were taken in the 
order: two with filter A, 3D, 2A, 3D, 2A, ie., six with each filter. 
Sky readings were taken over a shorter interval as often as neces- 
sary, usually after every third star when there was no moon. The 
sky readings, of course, included any residual drift due to ‘‘dark cur- 
rent” and grid current. The grid bias of the tube was so adjusted 
that the grid current balanced, as nearly as possible, the dark cur- 
rent. It was at first assumed that the input-impedance of the tube 
was high enough so that the ratio of the times of deflection would be 
inversely proportional to the ratio of the currents. This was found 
however, to be not quite true, and consequently drift-readings were 
taken near the high end of the scale (about 0.04 volt on the grid) 
as well as near zero. 

In the measurement of the M stars, whose color index was usually 
greater than 1 mag., a neutral filter (a developed photographic plate) 
absorbing 1.118+0.003 mag. was used with filter A so that the two 
intensities never differed by more than 1 mag. The absorption was 
determined by twenty measures of M stars on twelve nights. During 
the measurement filter A was kept in place so that the absorption 
constant applies accurately to the band of wave-lengths and to the 
type of stars for which this filter was used. 


THE REDUCTIONS 


The average of the times of deflection for each filter was converted 
to divisions per second by means of a double-entry table giving 
divisions per second as a function of each of the seven ranges used 
and of the average time. The same was done for the sky reading. 
Both of these were next corrected for the leakage, to increase them 
to the value that they would have had if the input-impedance had 
been infinite. Since this source of error has usually not been noted 
in the various papers on stellar photometry, it seems worth while to 
describe it briefly here. It has been stated® that, for the constant- 
voltage method, the relation between the times of deflection and the 
currents producing them may be approximated by 


® Campbell and Ritchie, Photoelectric Cells, 109, 1930. 
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where 7, is the current corresponding to time ¢,, E is the voltage 
change of the electrometer for both ¢, and ¢,, and R is the resistance 
to ground of the elements of the circuit whose rate of charge is being 
measured. Thus, if the maximum error tolerated is to be 1 per cent, 
then the second term in the bracket must be less than o.o1. An ex- 
treme case in the present program would be 7, = 5 X 107", 7, = 
2X 10°, E = 0.005 volt; then R must be greater than 7.5 X 10" 
ohms to avoid an error greater than 1 per cent. Actually, R was 
about 3 X 10%} ohms, which in this case would, if not corrected, 
produce an error of 2.5 per cent, or 0.027 mag., in the color. 

The rate of drift (with no light on the cell) was investigated at 
several points on the scale and was found to be a linear function of 
the distance from the zero reading, i.e., the impedance was constant 
over the range used, 0.04 volt. Readings at zero and at maximum 
scale values were sufficient, therefore, to determine the rate of drift 
at any point on the scale. These readings were taken periodically 
and, when plotted against time for the year’s observations, showed a 
rather steady increase in the rate of drift, indicating a decrease in the 
resistance or, more properly, the impedance, since the grid current 
of the tube is involved. The year of observing was divided into four 
periods, and the mean correction for each period was applied to the 
measures. 

The ratio of the corrected rates of deflection with filter A and filter 
D was then converted to magnitude difference. The ratios were 
rounded off to three places, and the magnitude differences to 
0.01 mag. 

For the determination of extinction, parts of eight nights were 
spent in the observation of six bright stars ranging in color from 
—o.42 mag. (B8) to +0.86 mag. (K5). The results indicate that £, 
the extinction coefficient for the color index, can be taken as a linear 
function of the color index through the values +o0.10 mag. for index 
—o.40 mag., and +0.02 mag. for index +1.80 mag. From a nomo- 
gram, the secant of the zenith distance was determined for each ob- 
servation as a function of declination and hour angle. E (sec Z—1) 
to the nearest 0.01 mag. was then taken from a double-entry critical 
table in terms of the observed color index. The correction was usual- 
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ly zero, and for only twenty observations was it greater than 
0.03 mag. 

The next step was the reduction of the color indices to a uniform 
system. The stars observed on three good nights—February 27, 
March 8, and March 13, 1935—-were chosen as standards; and the 
observations of all the nights were reduced to the same zero-point, 
as follows: From the stars observed on the next night to be reduced, 
those also observed on the standard nights were taken; and the dif- 
ferences, new color index minus standard index, was found. The 
mean difference was then subtracted from all of the stars observed 
on that night. The average color indices of the stars in common, and 
the corrected colors for the stars added, thus formed a cumulative 
group reduced to the same system. The process was repeated for the 
observations of each night. A dependence of the correction on color 
was looked for, but it is too small to be detected. The night correc- 
tion ranged from —o.08 mag. to +0.18 mag., excepting one very 
poor night, June 29, 1934, when it was +0.27 mag. The average 
probable error of a night correction is o.o1 mag. 

These large variations in the observed indices arise from at least 
four sources: (1) the variation of the extinction coefficient; (2) the 
variable absorption of the bands por of atmospheric water vapor 
(X 8900 A to A g800 A); (3) the deterioration of the silver surface of 
the flat mirror reflecting the starlight to the telescope; (4) the change 
in the color sensitivity of the photocell itself. The variation of the 
extinction coefficient may be removed by determining this factor 
from hour to hour. This may be done from the measures themselves, 
as Dr. Smart has shown;’ but the method requires special equipment 
not available here. The absorption of atmospheric water vapor seems 
to be the most serious factor in the present program, since much of 
the variation has been removed from the 1935—36 observations by 
the use of a 10 cm water cell. The change of the reflecting power of 
the silver mirror has been minimized by coating the surface with a 
thin film of lacquer, but it is still appreciable. It is to be expected 
that the changes in color sensitivity of the cathode surface of the 


7M.N., 94, 839, 1934. 
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cell used should be rather large; but it is impossible, from the data 
available, to separate this effect from the others. 

In order to determine the effectiveness of the method of reducing 
the colors to a uniform system, differences were taken between the 
individual measures of the stars that were observed during the sum- 
mer and fall of 1934 and again in the spring of 1935. For sixty-eight 
stars the average difference was +0.005 mag. Rejecting three stars 
(Ao, Mo, and M3) which had differences greater than 0.10 mag., this 
average difference becomes +0.003 mag. When these stars are 
grouped according to average color, the average differences, A, of 
Table 2 are obtained. There is an indication of a systematic dif- 
ference for the stars of large color index, but the material is insuffi- 


TABLE 2 
No. a 
13 + .004 


cient to determine the correction for any particular epoch. The dif- 
ferences are so small that, in the mean, they will have little effect on 
the final colors, and were consequently neglected. 


THE CATALOGUE 


The columns of the catalogue contain: (1) the AG number from 
the Cambridge Zone; (2 and 3) the approximate right ascension and 
declination for 1900 brought up from the positions for 1875; (4) the 
AG magnitude (m,); (5) the photographic magnitude as determined 
by Dr. Schilt, except for the values marked with an asterisk, which 
were taken from the Henry Draper Cataiogue (mp,); (6) the Potsdam 
visual magnitude (mpp); (7) the spectrum as classified by Dr. Can- 
non (Sp.); (8) the observed mean color index (C); (9) the number of 
nights on which the color index was observed (No.); (10) H = 
Mpg + 5 + 5 log w; (11 and 12) the galactic longitude and latitude 
(J and b) obtained by means of the Lund Observatory tables (galac- 
tic pole: a 12"40™, 6 +28°). 
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CATALOGUE 

AG a (1900) 6 My | Mpg No. 

29 28°21] 7™9| 8™79 3 

79 26.7] 6.6] 6.23 4 

121 29.8] 8.0} 8.23 4 

267 29.2] 6.0] 5.54* 4 

349 26.7| 6.7) 6.16 4 

444 .4| 25.6) 7.0) 8.49 3 3- 
551 .6| 26.6] 6.0} 6.09 3 
560 .3| 25.8) 8.2] 8.97 3 8. 
586 -Of 297.3) 8.12 3 6. 
631 .O] 29.1] 6.7] 6.23 3 
721 I 25.9} 8.4) 8.00 4 4. 
778 17.2) 26.0) 8.1) 8.25 4 
g16 I 27.2) 7.2] 8.08 4 
054 I 39.5} 28.2] 7.9] 9.31 3 8. 
990 I 43.8] 25.9] 6.7] 6.16 6 
1082 I 52.9] 28.9] 8.12 5 
1113 I 57.8] 27.0] 7.6] 7.93 3 
1192 2 8.8] 28.2] 6.5] 7.07 4 
1292 2 18.9] 28.8) 7.5] 8.21 3 
1304 2 19.7| 29.4] 7.8] 8.18 3 
1343 2 24.8] 24.8] 6.2] 6.03 5 
1392 2 32.7| 27.1} 8.5] 9.44 3 
1423 2 .O] 25.2! 6.4) 6.02 4 
14306 2 40.4] 25.2) 8.0] 8.33 4 
1454 2 42.3) 26.6) 8.1) 8.33 3 oO. 
1473 2 45-1] 29.9] 7.4} 7.04 4 8. 
1504 2 49.5} 27.3] 7.2] 6.18 4 
1553 2.56.5} 26.2) 2} 3 Q. 
1558 2 57.55 27.0) 3 
1587 3 3-6] 28.7| 6.0] 5.58* 5 Le 
1051 3 14.5] 25.3] 6.5) 7.54 5 7: 
1687 3 40.51 38.4) 7.3) ° 7-10 
1747 3 30.0} 27.3] 8.1] 8.19 3 
1753 | 3 30.5] 28.9] 7.1] 6.44 3 4. 
1785 | 3 34.4] 28.3) 9.53 5 4. 
1788 3 34.8 25.0] 6.7) 5.86 3 
1813 3 37-7} 26.1] 8.0} 8.49 3 ce 
1967 3 57-6] 29.0} 8.1] 8.75 2 Ei. 
1993 4 0.7] 30.0] 7.5] 8.96 2 4. 
2008 4 26.3} 6.3] 5.40 4 
2025 4 8.9] 29.7] 7.0] 8.22 3 Q. 
2004 4 24.1} 28.0} 6.5 12 3 
2133 4.33.53) 25. 1) 3 3. 
2192 4 45.3] 28.3] var.| var. 


| 
| 265 
b = 
‘19 | 81° |—33 
22 | 82] 35 
| 
28*| 86 | 33 
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93 | 35 
51 | 93 | 36 
17| 35 
18) 95] 33 
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i I4 |100 35 2 
04 {104 | 33 
oI |106 32 
93 109g 3° 
| 29 33 
36 |113 | 30 
80 |II5 28 
72 |115 | 28 = 
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| 97 | 29 
| 30 
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ar {120 | 25 
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27 |124 | 27 
89 |124 | 25 = 
T1*|124 24 
| 43 |120 | 25 
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CATALOGUE—Continued 


AG a (1909) 6 My | Mpg | ™PD| Sp C No H l b 

2201 4546™6| 27°7| 6™o] 5™8q | 6™18] F2 | +0003} 4 4™67 |142°|— 9° 
2204 4 460.7] 26.6] 7.3] 8.44 | 7.62} K2 | +0.707] 3 6.89 |143 9 
2241 4 52.0] 24.9] 6.0] 5.63*| 6.07] Bo | —0.345] 2 4.59*|145 |—10 
2288 4 59.7| 26.3] 6.5] 6.54 | 6.88] Bs5 | —o.120] 3 1.31 1145 |— 7 
2338 =| 5 5-3] 29-7| 6.5] 8.51 | 6.56) Mo | +1.198) 5 4.39 |— 4 
2420 5 14.9] 29.4] 6.0] 5.72*| 5.86] Ao | —o0.285| 6 |— 1.27 |144 |— 3 
2474 5 23.3] 29.1] 7.0] 6.86 | 6.42] Fs5 | +0.088] 5 5-79 |146 |— 1 
2537 5 29.7| 27.6] 7.1| 8.26 | 6.26] Ko | +0.786} 5 6.43 [148 |— 1 
2570 § 33-0] 29.1] 6.2] 5.86 | 6.19] Bs | —o.110|) 3 2.25 |147 ° 
2575 | 5 33-5] 25-8] 5.5) 4.83*| 5.47} B3 | —0.482} 3.41*/150 |— 1 
2581 5 34.3} 28.9] 7.5} 8.27 | 7.14| Ko | +0.538) 5 3.84 |147 |+ 
2843 5 53-8] 28.1] 6.5) 8.69 | 6.78] Ks | 4-0.907] 3 3.21 |150 |+ 4 
2845 5 53-9] 27.3] 7.0] 8.02 | 6.78} Ko | +0.422] 4 7.08 {151 |-+ 3 
2856 5 54.8] 27.6] 6.7] 6.15 | 6.36] +o0.o10] 4 3.61 |+ 4 
2915 | 5 58.0} 25.4] 7.0] 7.99 | 7.24) Ko | +0.348) 4 6.35 |153 |+ 3 
2985 Mo | +1.320] 2 7.§9 |153 4 
3153 6 14.8] 29.6] 6.4] 6.09 | 6.64] Ao | —o0.288} 4 4.91 |151 |+ 9 
3300 6 26.8] 27.9] 7.5| 8.67 | 7.61] K5 | +0.738] 5 4.24 |154 |+10 
3372 6 31.3] 24.7| 6.7| 6.23 | 6.76] A2 —0.226) 7 4.19 9 
3440 6 36.0} 25.6] 7.8) 8.65 |..... Mo | +0.972] 4 6.55 |157 |+11 
3474 6: 30.2] 24:8) 7.8) 8.261. K2 | +0.785} 4 7.16 {158 |+11 
3636 6 52.6] 26.2] 6.7| 6.49 | 6.44] F5 | +0.142) 4 7.96 1158 |+15 
3649 6 53.2] 26.1] 5.84 | 6.64] Bo | —0.430] 6 2.12 |-+15 
3657 O 27. 9.5) Ko | +0.364] 5 3.19 |157 |+15 
36068 6 54.8] 27.3] 7.3] 8.19 | 7.26] K2 | +0.607] 3 4.34 1157 |+15 
3605 6 57.2] 29.5] 6.3] 6.45 | 6.17] F8 +0.170] 5 II.10 j155 |+17 
3737 7 0.0} 25.0] 7.0] 8.29 | 7.07] K2] +0.690} 4 6.30 |160 |+16 
3788 Mo | +1.415] 4 7.14 |+17 
3808 Ko | +0.363} 3 6.41 {158 |+18 
3865 | 7 10.9] 26.9] 6.3] 7.24 | 6.64) Gs | +0.357| 3 8.09 [159 |+19 
3949 7 18.4] 27.9| 6.7| 5.69 | 6.01] Fo | —o.018) 8 0.46 |158 |+20 
3974 Ko | +0.356] 4 8.12 |159 |-+21 
4042 7 28.3] 28.9] 7.0] 7.38 | 6.95] Gs | +0.357| 3 2.59 |158 |+23 
4046 729) K2 | +0.603} 3 6.77 |+23 
4296 7 55-7| 25-3] 7-0] 5.97 | 6.70] Ao | —0.327) 3 2.96 |164 |+27 
4384 8 3.5] 29.4] 6.7| 7.02 | 6.781 Go] +0.296] 5 1.79 |161 |+30 
4389 K2 | +0.747| 3 5.61 1165 |+29 
4390 8 3.8) 29.4] 7.6] 8.63 |..... Ks | +0.750] 5 6.29 |161 |-+30 
4454 8 11.6] 25.1] 7.2] 8.35 | 7.91] Ko | +0.365] 4 6.66 |166 |+31 
4547 8 22.7] 24.5] 5.8] 5.88 | 6.17} As | —o.120] 5 5-40 |168 |+33 
4564 8 25.6] 24.4] 5.8] 5.84 | 6.02} Fo | —o.055) 11 6.07 |168 |+34 
4609 8 31.3] 28.6] 6.5] 7.23 | 6.82] Gs | +0.330) 3 6.01 |163 |+36 
4690 8 41.1} 28.5] 7.0] 6.95 | 6.95} Go] +0.193] 3 5-57 |+38 
4702 8 43.7| 29.8] 8.08 | 7.58} Ko | 3 3.65 |163 |+39 
4730 8 48.4] 27.3] 7.5) 8.35 | 7.20] K5 | +o.912] 5 4.08 |166 |+39 
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CATALOGUE—Continued 


267 


AG a (1900) 6 my Mpg | ™PD| Sp. c No. H 

4776 8h54™6| 24°9] 9733 |...-. Mr | +1™238] 4 
47890 8 55.9] 28.3] 6.2] 5.88 | 6734) A5 | —0.132] 5 5.81 
4790 8 56.7] 26.2] 7.2] 8.00 | 7.36] Ko | +0.442] 5 5.96 
4807 8 58.2] 28.3] 6.5] 6.22 | 6.88} Ao | —o0.300] 4 |— 3.03 
4809 26.7) Si: M2 | +1.400] 3 5.62 
4933 g 17.8] 25.6] 6.7} 7.23 | 6.56} G5 | +0.381]} 4 7.85 
4930 9 18.4] 26.4] 7.0] 8.02 | 6.92} Ko | +0.530) 3 6.08 
5030 Q 31.0] 28.2] 7.3] 8.05 | 7.20] Ko | +0.480) 3 6.87 
5039 32: 1| 25.1| 6.5) 6.77 | 6.82) FS | -Fo.tagl 3 7.00 
5119 9 46.2] 24.9] 5.8] 5.39%] 5.56) A2 | —o.144] 4 6.88* 
5132 9 47.9] 26.2] 7.2| 8.07 | 7.24] K2 +0.500) 4 6.52 
5147 50:4} 26.5| 8:0} 8.2001. .:... Ko | +0.404] 5 3-93 
5150 9 51.4] 29.1] 7-98 | 7.54] Ko | +0.443] 3 5.29 
5169 9 52.7| 28.3] 6.5| 6.49 | 6.67} Fo | —0.033) 3 6.07 
5182 55:5| 20-3) 7-2} 7:88 .02| K2 | +0.557] 3 5.66 
5251 7.0| 28.8] 7.0] 7.55 | 7.02] G5 | +0.370] 4 4.05 
5271 IO 10.5] 29.8] 6.0] 5.35*| 5.79} Ao | —0.325] 4 4.45* 
5274 10 10.6] 29.2] 7.0] 6.52 | 6.66} Go | +0.188) 5§ 6.54 
52900 |10 12.5] 27.9| 6.7| 6.14 | 6.80] Bo | —0.392] 4 3.86 
52905 |10°13.7| 24:9] 8.2| 3.47 |. K2 | +0.493] 3 6.13 
5318 |10 16.8] 26.0} 8.8) 9.94 }..... M8 | +2.255) 4 5.96 
5346 |10 20.7] 25.2] 7.2] 8.14 | 7.36] Ko | +o0.507| 3 4.64 
5451 |10 35.3] 26.3] 7.5] 8.33 | 7-56] Ko | +0.630) 3 5.40 
5503 |10 41.9] 27.5] 7.4| 8.37 | 7.20] Ks | +0.823) 3 5.08 
5514 |10 44.4] 28.5] 6.3] 6.10 | 6.30} F5 | +0.010] 3 4.32 
5549 49.3] 26.1] 6.3] 5.98 | 6.35] Fo | —0.068) 4 3.64 
S507 24.9) 9-7) S20 Ko | +0.388} 4 7.05 
5571 1062.8) 44-0) Ko | +0.370] 4 4.03 
5047 II 3.4| 25.2] 6.0] 5.69*| 5.98} Az | —0.273] 4 0.21 
5790 26.6] 24.9] 7.1] 8.15 | 7.14] K2 | +0.638) 4 5.54 
5851 Ir 38.6] 24.6] 7.0] 8.05 | 7.50] Ko | +0.323] 3 4.44 
5863 EI 40:2) 27:8) 7:3) 7:72 | | .4 4.62 
5887 II 44.0] 28.7] 7.2] 8.05 | 7.58] Ko | +0.358] 4 5.89 
59019 II 50.3| 26.1] 7.0] 7.90 | 7.06] Ko} +0.550| 4 6.26 
5932. 52.3) 27.4] 8.07 | 7.50] Ko | +0.435| 2 8.86 
6015 |12 5.4] 29.7] 7.2] 8.07 | 7.68} Ko | +0.410} 2 5.66 
6016 {12 5.7] 27.9] 5.9] 5.81 | 6.24, A2 | —0.220] 4 2.88 
6024 |12 7.0} 29.1] 6.7] 6.53 | 6.69] F2 | +0.023] 3 6.81 
6061 12 14.0] 26.6] 6.8] 6.32 | 6.76} A3 | —o.187| 3 3.78 
6067 {12 14.5] 28.8] 6.5] 6.67 | 6.68) F5 | +0.087] 3 8.66 
6070 |12 15.3| 26.6] 6.6] 6.04 | 6.52} A5 | —0o.060]} 3 6.54 
6088 17.2] 25.4} 6.8] 5.75 | 6.45, Ao | 3 4.49 
6125 52°22 28.71. Ko | +:0.557| 3 3.96 
6163 12 28.5] 25.0] 8.70 | 7.43) Mo] +1.320| 3 5.09 
6177. |12 31.0 K2 | +0.443] 3 7.28 
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AG a (1900) 6 My | Mpg | ™PD/| Sp Cc No. H l b 

6343 2722] 7™o3 |..... Ko | +0365} 2 |351°|+85° 
6349 1.4) -20.61'6.8 21 | 6782} A2 | —o.268) 4 4.87 | 20 85 
6359 |13 2.6) 27.1] 7.5] 8.36 | 7.86] Ko} +0.440] 3 8.32 |351 85 
6605 13 44.1] 28.4] 6.8] 7.63 | 7.22] Gs | +0.413] 3 4-34 5 76 
6619 46.7) 25.2) 8.05 | 7.58} Ko | +0.537} 3 7-37 |353 | 75 
6636 |13 48.6] 29.2] 6.0) 5.32 | 6.15} As5 | —0.170 6.08 | 9 75 
6654 13 51.5] 26.4] 6.9] 6.42 | 6.99] Fo | +0.020] 3 6.40 74 
6689 56.6] 27.9] 6.0] 5.74 | 6.44) Az | —o.162] 6]........ 4 73 
6703. 0.2] 26.3] 6.9] 6.81 ; 7.16] F5 | +0.071] 16 7.09 13590 | 72 
6718 |14 2.4] 28.9] 7.0] 7.42 | 7.03] Ko | +0.447] 3 5.91 8] 72 
6814 18.6] 25.8] 6.1] 5.89 | 6.36] F2 +0.003] 3 Oot 
6832 |14 21.4] 26.7] 7.5] 8.51 | 7.61] K5 | +0.610] 2 8.03 3 68 
6848 |14 23.7] 25.0] 8.0] 8.06 ]..... Ko | +0.350] 3 10.20 1359 | 67 
6852 |14 24.3] 26.3] 7.0] 7.79 | 6.78] Mo] +1.405] 2 6.41 2| 67 
6983 44.8] 25.6) 6.8) 8.06 | 6.79} Ko | +0.667| 3 5-59 2 | .62 
6989 {14 45.7] 29.0] 6.2] 5.72*| 5.99} Az | —0.277; 3 0.39*| 10 | 62 
7022 |14 51.6] 24.8} 6.7] 8.16 | 7.02) Ko | +0.500] 3 7:20 1 2 Go 
7035 |14 53.3) 25-1] 7.5| 8.44 | 7.10] K2 +0.700] 5 6.98 2 60 
7125 |I§5 10.3] 29.5] 5.6] 5.26%] 5.53} Ao] —o.286) 7 A 
7181 |15 18.1] 26.0] 7.3] 8.22 | 7.44] Ko | +0.570} 3 6.58} 6] 55 
7183-15 18.5) 28.4] 7.5] 8.14 | 7.58] Ko | +0.350] 3 3-35 | 10} 55 
7201 15 22.3| 28.5) 7.5| 8.54 | 7.56] K2 | +0.623] 3 6.20 | II 54 
7207 I5 23.4] 25.4] 6.0] 7.47 | 6.02] K5 | +0.998] 6 54 
7430/15 55.0] 29.7] 7.0] 8.07 | 7.34] Ko | +0.490) 4 6.92 | 14] 48 
7468/15 59.9] 25.5] 7-5] 7-48 | 7.39] Go| +o.300] 2] 12.14] 9 | 46 
7541 0:0} 20.9) M2 | +1.560} 2 4.25 | II 44 
7506 |16 12.7] 29.4] 5.5| 5.73*| 5.98] Ao | —0.270] 5 3.20") 15 | 44 
7577. 14.2] 26.1] 6.5] 7.23 | 6.99] G5 | +0.338] 4 43 
7629 16 19.9} 28.6] 6.8) 8.28 | 7 Ko | +0.443} 3 3.49 | 15 42 
7737. 33.7| 27.2] 6.5| 8.42 | 7.16] Mo | +1.292] 4 | ta | 320 
7771 16 37.5| 27.2| 6.0] 5.76 | 6.15] F2 +0.048] 5 4.07 | 14 | 38 
7847 |16 46.0] 26.4] 7.0] 7.99 | 7.50] Ko | +0.325| 2 30 
7860 |16 47.5] 28.3] 7.0] 7.72 | 7.31| G5 | +0.390] 3 4.79 | 16 | 36 
7940 |16 55.9] 27.5] 7.2] 8.58 | 7.24] M3 | +1.460] 2 4.73 | 16] 34 
7950 |16 57.1) 27.4] 6.6] 6.68 | 6.78] F5 | +0.032] 4 34 
(O20). 903 3) Mo | +1.440] 2 26°) 32 
8156 |17 17.6] 28.9] 6.6] 6.95 | 6.54] F8 +0.300] 4 2.97 | I9 | 30 
8165 Fs | +0.145] 15 8.44 15 29 
157 S100) 274) 7561S Ko | +0.377| 3 7.76 | 18 29 
8191 17 22.0} 27.0] 6.5] 6. 6.72) As | —0.220) 3 4.05 | 17 28 
8260 |17 27.9] 28.5] 5.7] 5.58%] 5.98} Ao |] —0.338] 5 2.89*| 19 | 28 
8291 20.61 20:5) Mo } +1.130} 4 27 
1f7 30:2) 8-82 M3 | +1.630} 3 7,401 22 26 
$302. 30.5). 8:0) 8-97 |......5 K2 | +0.428} 4 5.26 | 19 |+25 
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AG a (1900) 6 My | Mpg | ™PD| Sp. Cc No. H l b 

8569 27°4| 8™39 |.....| K2 +o™515| 2 7™32 | 20°|+22° 
8618 |17 58.5] 26.3] 7.3] 7.40 | 7™25| Ko | +0.260} 3 11.69 | 20 |+20 
8640 |17 59.9] 26.6] 7.2] 6.59 | 7.18] F2 | +0.060] 4 5.78 | 20 |-+20 
8683 {18 4.1) 29.8] 7.7| 8.40 |..... K2 | +0.580} 4 7.10 | 24 |+21 
8709 |18 7.1] 26.6] 7.6] 7.49 |..... Gs | +0.315| 4 5.08 | 21 |+19 
8833 |18 17.1] 29.8] 5.8] 5.60*| 5.82} Az —0.097] 3 4.79*| 25 |+18 
8906 [18 22.3] 26.2] 7.0] 6.19 | 7.10] Bz | —0.466] 5 3.00 | 22 |+16 
8913 {18 22.7] 26.4] 6.5] 5.96 | 6.74] Bz | —o.428] 4 1.69 | 22 |+16 
8990. [18 27.1) 25.1| 8.0) |... -. Mo | +1.528] 4 4.83 | 21 |+14 
33.4) 26.0) 3:0) 8:37 2. K2 | +0.473] 3 6.73 | 25 |+15 
9087 |18 34.1] 28.5] 7.0] 6.14 | 7.15} Ao | —o0.392| 4 1.87 | 25 |+14 
9263 |18 45.2] 27.6] 7.6} 8.12 | 7.04] Ko | +0.505} 4 3.52 | 25 |+12 
9441 |18 55.0] 30.c} 6.9] 7.07 | 7.12] Go | +0.173] 3 8.92 | 28 |+11 
9484 |18 57.2] 26.1] 6.4] 5.33*| 5.91] B3 | —0.380] 4 5.08*] 25 I+ 9 
9574 |19 1.9} 29.7] 6.6] 7.86 | 6.45) Ks5 | +0.988) 4 3.26 | 29 |+ 9 
9678 |19 7.4] 26.5] 7.4] 6.42 | 6.60] Fs5 | +0.045) 4 5.12] 271+ 7 
9928 |19 20.4] 27.8] 7.0] 5.69 | 6.87) B8 | —o0.397| 3 1.09 | 29 J+ 5 
10069 |I9 27.0] 25.4] 6.7] 6.72 | 7.18] F2 | +0.092] 5 6.07 | 28 |+ 2 
10184 |19 33.2] 28.3} 7.2] 6.93 | 6.94] Go| +0.158} 4 6.42 | 31 I+ 3 
10185 |19 33.2] 29.2] 6.9] 6.03 | 6.72} Bs | —o0.393] 3 1.76 | 32 |+ 3 
103977 30.1) Mo | +1.629] 5 5.76 | 33 |+ 2 
10521 |19 48.2] 28.0] 7.0] 7.74 | 7.00] K2]| +0.640] 5 6.32 | 32 ° 
10650 |I9 53.3] 28.5} 7.0} 7.70 | 7.04] Ko | +0.373] 3 4.60 | 33 |— 1 
10771 7.6) 7.92}... -. Gs |} +0.337| 6 8.08 | 34 |— 2 
10833 140 S08 Mo | +1.342] 4 6.02 | 34 |— 3 
. 120: GQ. 25.0) M3 | +1.522] 5 6.70 | 32 6 
III4Q |20 15.7] 29.4] 6.9] 6.23 | 7.00] B8 | —o0.453] 3 2.38137 5 
II4I2 |20 26.2] 27.5] 7.4] 7.28 | 7.18] F8 | +0.185] 13 3.89 | 37 j- 8 
1142t {20 26.6] 28.0) 8.7) 9.07 |..... Mo | +1.026] 5 4.47137 7 
[20 26-9) 20-4) Ko | +0.352| 6 3.86 | 36 |— 8 
|20 31.9] 25.6] 7.1} 5.88 | 6.68} A2 —0.220] 4 3.66 | 36 |—10 
11612 |20 36.4] 29.5] 6.5] 5.53 | 6.27] Ao | —o.120| 4 4.02 | 4o |— 8 
11658 |20 39.0] 25.5| 7.5| 6.84 | 7.33] Fo | +o.102| 4 2.41 | 37 |—11 
120 44.1) 27201 M3 +1.928] 5 5.41 | 40 |—11 
11808 |20-45.5| 25:4] 7.7| 7.66 |..... Gs | +0.152] 5 7.83 | 38 |—12 
11893 |20 50.2] 28.1] 7.0] 5.79 | 6.88} B3z | —0.485) 4 1.67 | 41 |—11 
IIQg4I |20 53.3] 26.0] 7.0] 7.23 | 7.16] Go| +0.172| 4 9.50 | 39 |—13 
12237 |21 7.6] 29.3] 6.8] 6.21 | 7.02} Bs5 | 5 1.78 | 44 |—14 
[2% ©. Mo | +0.830) 4 6.14 | 44 |—14 
$2290 K2 | +0.497| 3 6.66 | 43 |—15 
12298 |21 11.5] 25.0] 7.3] 7.54 | 7.22| G5 | +0.425] 5 6.67 | 42 |—17 
23.1] 27.41 8.0, Ks | +0.768} 4 6.09 | 45 |—17 
$2043 20.4) 27.1) -6:8@ Ks | +0.822] 3 5.39 | 46 |—18 
12676 |21 30.9] 27.7| 7.0] 5.95 | 6.58} Fo | —0.035] 2 6.86 | 47 |—18 
12781 |21 36.3] 28.3] 7.6] 7.54 | 7.72] Gs | +o0.187] 3 8.26 | 48 |—19 
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CATALOGUE—C ontinued 


AG a (1900) 6 My | pg | ™PD | ‘Sp. Cc No H l b 

12846 |21»40™1] 29°8] 8™go |..... Ks | +o™882] 4 3™g0 | 50°/—18° 
12867 |21 41.4] 25.1] 7.0] 5.77 | 6™87; B8 | —o0.343] 3 | 22 
13062 |21 54.2] 29.3] 7.4] 6.75 | 7.26] F5 | +0.158] 4 10.44 | 52 20 
13072 |2I 54.7] 30.0) 7.5] 8.07 | 7.82} K2 | +0.518) 5 20 
13248 |22 6.3} 30.0] 6.5] 5.90 | 6.54] As | —o.115} 2 4.64 | 55 21 
13286 |22 8.6] 26.8) 7.5] 6.95 | 7.48] F5 | +o.150] 4 4.96 | 53 24 
13360 |22 14.5] 28.3] 7.5] 7.40 | 7.38] F8 | +0.130] 4 5-98 | 55 24 
13505 |22 27.0] 29.0] 6.7] 6.21 | 6.56) As | —o.130] 5 3.87 | 58 25 
13555 |22 30.4} 30.3} 7.0] 8.40 | 7.58) K2 | +0.598] 4 5-47] 59 | 24 
13575 |22 32.0] 27.2] 8.19 | 7.34] Ko | +0.413] 3 7.32] 58 27 
13631 |22 36.0] 26.2] 8.0] 9.12 |..... Mo +1.377] 3 6.11 | 58 | 28 
E2058. (22: 36.3) 27:6) M8 |} +2.387] 3 9.7 60 27 
13675 |22 39.5] 29.1] 8.6] |..... Mo | +1.705] 4 2.40 | 61 26 
13760 |22 48.4] 26.4] 7.4] 8.20 ]..... Ko | +0.475| 4 5.66 | 61 20 
13780 |22 50.2) 27.4) 7.7] 7.79 | 7-34] G5 | +0.368] 3 5.85 | 62] 29 
13570 123 8.3|-83:44 |....... K2 -+0.910] 4 | 20 
13877 |23. 0.7| 28.4] 7.5] 8.16 | 7.21] Ks5 | +1.082] 2 7.93 | 65 20 
13978 |23 9.5| 29.2] 7.0] 6.60 | 6.72] Fs | +0.087] 5 0.09 | 68 29 
13992 |23 10.9] 27.7] 7.0] 7.26 | 6.70] G5 | +0.350] 2 4.50 | 67 30 
I4015 |23 13.0] 29.9] 7.2] 8.15 | 7.08} Ko | +0.550] 2 6.32 | 69 28 
14056 |23 17.0] 26.0) 6.3} 6.60 | 6.86} F2 | +0.040] 3 6.77 | 68 | 32 
14060 |23 17.5] 25.3] 6.6] 7.99 | 6.53) K2 | +0.806] 5 6.05 | 68 | 33 
14138 |23 26.7] 27.8, 6.6] 6.00 | 6.70} Ao | —o.280] 6 32 
14255 |23 40.8) 25.7] 7.7| 8.84 | 7.88} Ks5 | +o0.570] 3 7-59 | 74] 34 
14274 |23 42.4] 25.5) 7.5] 9.21 | 8.08) M3 | +1.868] 4 4-42] 74] 35 
14304 |23 44.6] 28.2] 6.2! 5.69 | 6.26] Az | —o.143] 3 4.10 | 76 32 
14304 |23 55.3] 26.3] 6.5] 6.79 | 6.66] F8 | +0.093] 3 6.22 | 78 35 
14413 |23 57.0] 26.5) 6.0} 6.23 | 5.98} Go| +0.292] 4 | 35 
14436 |23 59.9] 27.1) 6.8] 7.35 | 6.76} G5 | +0.390) 4 7-12 | 79 |—34 


DISCUSSION OF THE RESULTS 


From measures on different nights, the probable error of one meas- 
ure of color index is found to be 0.019 mag. Since the average num- 
ber of observations of a star is 3.7, the average probable error of a 
catalogue color index is 0.010 mag. 

In Figure 2 the color indices of the individual stars are plotted 
against the spectral type. The configuration is, in most respects, 
similar to that found for the color indices, photographic minus visual 
magnitude, and also to those obtained by the use of filters with the 
potassium cell.’ It is noteworthy, however, that these color indices 


5 See W. Becker, Veréff. Berlin-Babelsberg, X, 6, 11, Fig. 1, 1935. 
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increase quite regularly as far as the latest M stars. The anomalous 
blueness of the later M stars, as determined photographically and 
with the potassium cell, may be accounted for by the high intensity 
of the spectrum between \ 4226 A and \ 3968 A relative to the 
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Fic. 2.—The color indices plotted against the spectral types 


visual region, as observed by Dr. P. W. Merrill.? The data thus far 
available’ indicated that the band absorption in the red and infra- 
red is less than in the regions of shorter wave-length. These color 


9 Ap. J., 83, 278, 1936. 10 Merrill, 7bid., 79, 183, 1934. 
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indices, therefore, indicate the true trend of temperature through the 
subdivisions of class M, although the variation of the absorption 
through the red and infrared is probably sufficient to prevent the 
determination of true effective temperatures. The infrared color in- 
dices of stars of this type obtained by Hall? confirm this interpreta- 
tion. The visual minus red color-indices obtained by W. Becker™ 
seem to fall in an intermediate position. The one N3 star observed 
has an index very close to that of the M3 stars. 


TABLE 3 

Sp No. Mpg c cD SI SpD 
14 5.82 —o0.291 | +07066 | o™055 
fe) 5.86 —0.213 .057 .044 
4 5.99 —o.160 .020 .032 0.6 
6.28 | +0.038 .032 .020 1.6 
13 6.58 | +0.086 .049 .022 2.2 
6 6.77 +0.167 073 026 2.8 
9 6.93 +o0.216 .024 2:5 
21 7.44 | +0.336 .o81 .023 
58 8.10 | +0.450 .163 2:5 
17 8.86 +1.329 . 230 .068 3.4 
3 9.00 | +1.487 .O81 .197 0.4 
_ 7 9.09 | +1.632 .195 .139 1.4 
2 10.1 +2.321 | +0.093 | 0.138 


Another notable feature of Figure 2 is the varying dispersion in 
the color indices for the different spectral types; this dispersior is 
expressed numerically in Table 3. The stars are grouped by spectral 
class according to the first column. The other columns give: the 
number of stars in each group (No.), the average photographic 
magnitude (m,,), the average color index (C) and the dispersion 


in number and since the mean is greatly affected by the abnormally 


" Zs. f. Ap. 9, 99, 1934. 
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red stars. The dispersion is fairly uniform from Ao to F5; it then 
increases to a maximum at Mo, apparently decreasing again for the 
later M stars, although there are insufficient stars to make this 
conclusive. Inasmuch as this dispersion depends largely on the dis- 
persion in the spectral classification, the latter (SpD), in units of 
spectral subdivision, was computed by means of the change in mean 
color index (Sl) of the spectral classification on either side of the one 
in question. Among the early types, the criteria for A3 and F2 seem 
to be narrow, although the first depends on only four stars. The 
dispersion is large for G5, Ko, and Mo; but K2 and Ks stand out as 
being much more sharply defined. The average dispersion in the 
classification is 1.9 spectral subclasses.’** This value is somewhat 
larger than the mean error of 1.2 spectral subclasses found by Dr. 
Cannon's from a comparison of the classification made from slit 
spectrograms with that from objective prism plates. On the other 
hand, there is considerable evidence that there is an inherent dis- 
persion in the color indices, owing to the effect of absolute magnitude 
and perhaps to other causes as well. 

No data on the true distances of these faint stars are available; it 
seemed worth while, therefore, to take advantage of the good proper 
motions of the stars to compute H = m, + 5 + 5 log wu. The ma- 
jority of the stars of the later spectral types are too faint to be in- 
cluded in the PD (Potsdam Photometrische Durchmusterung), and 
therefore the photographic magnitudes were used. The color 
indices for each spectral type were plotted against H. Only for 
the 58 Ko stars was there a definite indication of a dependence 
of the color index on H. The average index of the twelve stars 
with H > +7.5 is +0.380 mag., as against +0.450 mag. for the 
mean of all the Ko stars, indicating that the absolutely faint stars 
are bluer than the brighter ones, as found for the photographic minus 
visual color indices by Sticker,"4 for the potassium cell indices by 
W. Becker," and for the Cs-O-Ag cell indices by Hall." 


The average interval between the subclasses actually used is 3, and therefore a 
dispersion of 0.9 subclasses should be expected if each spectral class could be divided 


into ten equal steps. 
13 Harvard Ann., 56, 263, 1912. 
14 ff. Univ.-Sternw. Bonn, 23, 1930. 
s Veréff. Berlin-Babelsberg, X, 6, 21, 1935. © Ap. J., 84, 37, 1936. 
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In order to investigate the effect of galactic latitude, the stars of 
each spectral type from Ao to M3"? were separated into two groups, 
as shown in Table 4. The second to the fourth columns give the 
number of stars, the mean galactic latitude, and the mean color of 
the stars for which 6 < 28°; and the fifth to the seventh columns 
give the same data for the stars of higher latitudes. The eighth col- 
umn gives the difference in color index of galactic minus nongalactic 
stars; i.e., a reddening at the galactic equator is indicated by a posi- 


TABLE 4 
b| S 28 b = 20 
Sp. AC PE, 
No b No b 
7 | 15°9 | —o™280 7 | | —o™303 | +o™023 | +o0™024 
3 12.3 | —o.181 59.0 | —0.226 | + .045 .030 
I 13.0 | —0.147 3 63.0 | —0.164 | + .o17 (.054) 
5 23.8 | 4 58.2 | —oc.120 | + .005 .027 
4 | 16.5 | +0.008 5 | 51.8 | —0.033 | + .o41 022 
3 10.3 | +0.052 4 55-2 | +0.028 | + .024 .O17 
TINE ere 5 13.4 | -FO.117 8 | 47.1 | +0.067 | + .o50 .O17 
3 16.3 | +0.162 37-7 | +0.172 | — .o10 
Go 4 13.5 | +0.168 5 41.2 | +0.254 | — .086 .020 
10 17.0 | +0.308 II 44.7 | +0.363 | — .055 .022 
MIO henna 20 15.5 | +0.437 38 54.6 | +0.456 | — .o19 .O19 
Ree haat 15 17.3 | +0.615 12 49.5 | +0.647 | — .032 .034 
12.7 | -Fo.851 8 | 48.6] -+o.813 | + .038 .054 
| ae 12 13.1 | +1.289 5 §2.0 | +1.426 | — .137 .087 
14.7 | +1.603 4 | 32.5 | +1.586 | +0.107 0.105 


tive sign. The probable error of this difference, derived on the basis 
of equal weight for each of the two groups of stars, regardless of the 
number, is given in the ninth column. For only three classes, Fs, 
Go, and Gs, is the difference greater than twice the probable error. 
The stars considered here are predominantly of high luminosity, 
except possibly those of classes Fo-Gs5, inclusive; and they range 
in average distance from about 180 to 600 parsecs. If Rayleigh scat- 
tering is postulated, Trumpler’s value of the selective reddening 
(0.32 mag. per kiloparsec), reduced to the effective wave-lengths 
6900 A and 8800 A, becomes 0.04 mag. per kiloparsec; and therefore 
the greatest effect to be expected here should be only 0.02 mag. 


7 The observed B, M1, and M2 stars are all of low galactic latitude. 
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Since the most significant differences are found for the spectral types 
which are of lowest average luminosity, and also since the differences 
are frequently negative, it seems very unlikely that they are due to 
interstellar matter. It is worth noting that a systematic error in the 
color indices or in the spectral classification depending on right as- 
cension would account for this effect. 

The B3 and Bs stars included here have also been observed by 
Stebbins and Huffer."® Data for seven of these stars are given in 
Table 5, grouped according to the classification by Plaskett and 


TABLE 5 
STEBBINS AND HUFFER BENNETT | | 
AG E(A~4) 
HD | sp} c | E |r c E | | 
2575.--| 37438 B3 —o™20 1°, —o™48 ooo! ooo 
8906... .|170028, B3n | + .18 + .01360 22 |+16 | — 
9484...|176871| B3n | — + .05,200 25 38+ .09 
2570...| 37367; Bgs | — .05| + .14)290 ||147 
| 
8913...|170111| Bs5nk| — .17 . 00/240 22 |+16 | — .43/— .02 .00 .00 
10185. ..|185268| Bsn | — .17 .00!230 32 |\+ 3] — .co 
2288...| 32656, B5n | —0.09 +0.08240 |/145 — 7 | —0.12\+0.29+0.04 +0 13 
| | | | 


Pearce. The color excesses of B3 stars AG 2575 and AG 8906 and of 
the Bs stars AG 8913 and AG 10185 average zero in the blue. These 
can, therefore, be used as normal stars in the infrared, and from these 
are derived the color excesses, E. The response curves for both sets 
of filters were corrected to the black-body energy distribution for 
15,000° K, but those in the blue were not corrected for the selective 
extinction of the atmosphere. The effective wave-lengths so derived 
for the two sets of filters are 4240 A, 4700 A, and 6100 A, 8600 A. 

Let CI be the color index of a normal star of a given spectral type 
and S, the energy at the effective wave-length A. Then 


CI = —2.5 log 


For a star of the same type, reddened by scattering which varies 
as X74, 

S),(1 

Sy,(1 — 


Clr = —2.5 log 


18 Pub. Washburn Obs., 15, 217, 1934. 
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Then, if E is the color excess of the reddened star, 


E = Clip CI = —2.5 log 
It is noteworthy that the S, drops out of the equation, so that it is 
only necessary to postulate that the radiation leaving the reddened 
star has the same energy distribution as that of the normal star of 
the same spectral type. 

The equation was solved for 7, using the effective wave-lengths 
in the blue and the excess found by Stebbins and Huffer for each of 
the three reddened stars. The excess in the infrared was then com- 
puted with the effective wave-lengths given above and the r found 
for each of the stars. This computed excess is given in column 
E(A~4). It is immediately apparent that the measured excesses are 
so much greater (about six times) than the computed values that 
no error in the effective wave-lengths or in the color excesses could 
account for the difference. Scanty as the data are, they nevertheless 
strengthen the growing evidence that the reddening of the B stars 
is not due to Rayleigh scattering. 

The term kA was next substituted for rA~‘ in the equation above. 
This new equation should be valid if (1) the radiation of the red- 
dened star suffers no selective absorption in space but the star is at 
a temperature different from that of the normal star, or (2) the scat- 
tering material consists of a meteoric distribution of the diameters 
of the particles, as shown by Opik.'? The values of the excess in the 
infrared computed in this way are given in column E(A~*). These 
values are about half the measured ones, but approach the point 
where the difference might be accounted for by the inaccuracy of the 
effective wave-lengths. 

In order to connect the color-index system of this series of observa- 
tions with that of the bright stars observed by Hall? with the same 
cell but different filters, twenty stars, ranging from Oes to Ks, were 
observed 107 times on twelve nights during the period from January 
31 to May 26, 1935. These measurements were carried out in the 
same manner as those of the AG stars, except that the voltage on 
the photocell was reduced to approximately 90. The reductions were 


19 Harvard Circ., 359, 11, 1931. 
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made independently, the series being adjusted to a uniform system 
by the application of night corrections. When more than one observa- 
tion of astar was made on a night, all were combined. From the dif- 
ferences between the observations on different nights, the probable 
error of one night is o.o12 mag. When the combination of the ob- 
servations on the same night is allowed for, the probable error of one 


TABLE 6 
BENNETT HALL 
BS My Sp C87 = 
Cby C87 

G5 +0™386 | —o™815 | —o™865 | —o™o50 
4.07 Ao — .304 1.326 1.300 | + .026 
3 68 B8 — .430 1.431 1.433 | — .002 
4.67 Ks + .894 0.505 0.495 | + .cIo 
4.97 Ko + .557 0.704 0.715 | — 
3.94 Br — .273 I. 301 1.245 | + .056 
4.18 Fo + .003 1.086 1.103 | — .087 
4.26 Ko + 0.733 0.758 | — .025 
4.20 Gs + .387 0.814 0.770 | + .044 
4.10 Ko + .510 0.734 0.728 | + .006 
4.32 Ao — .279 1.306 1.290 | + .o16 
3.86 Go + .203 c©.940 0.930 | + .o1I0 
4.34 Go + .166 0.966 ©.996 | — .030 
4.48 Fo + .o19 1.074 0.990 | + .084 
4.17 Bs — .463 1.450 1.454 | + .005 
3.93 Ao — .323 1.342 1.353 | — 
4.22 Ko + .543 0.713 0.732 | — .o19 
3.92 Ao —0.322 | —1.3241 | —1.447 | —0.106 


* Double stars. 


observation is 0.014 mag. The probable error of one observation 
found by Hall was 0.028 mag. The application of the more sensitive 
method of measuring the photoelectric current has, therefore, re- 
duced by half the probable error in the measurement of the same 
stars. This indicates that, with the new equipment, stars at least 
1.5 mag. fainter can be measured with the same accuracy. 

Table 6 contains the BS number, the visual magnitude, and the 
HD spectrum of the twenty stars. C is the color index observed by 
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Bennett, and Cs, is the index observed by Hall. A least-squares solu- 
tion gave the following relation between the two systems of indices: 


— 17088 + 0.750 C — 0.110 C? = Cy, 


The column headed C4, gives the values of Bennett’s C reduced, by 
this relation, to the system of Hall. The last column contains the 
residuals Cs, — 

Further use of this equation was made in order to compare the 
mean color index of each spectral type of the bright stars observed 


TABLE 7 
BENNETT 
Sp. C87 
No. No. C87 

14 —o™291 | —1™316 42 —1™343 | —0™027 
— .213 ¥.263 23 1.272 | — 
4 — .160 1,21 9 1.235 | — .024 
9 — .O15 I .099 17 1.106 | — .007 
13 + .086 1.024 18 1.044 — .020 
6 + .167 0.966 II 0.992 | — .026 
9 + .216 0.931 18 0.900 | + .031 
21 + .336 0.848 13 0.842 | + .006 
58 + .450 0.772 72 0.764 | + .008 
OSS teeta 27 + .629 0.660 6 0.642 | + .018 
14 +0.829 | —0.542 14 —0.523 | +0.019 


by Hall with the corresponding mean color index of the relatively 
faint AG stars. The first column of Table 7 gives the spectral type; 
the second and third contain the number of AG stars and the mean 
color index C. In the fourth column is this mean index reduced to 
Hall’s system, C%,. The fifth and sixth columns give the number of 
stars and the mean index observed by Hall. The seventh contains 
the differences, on Hall’s scale, of the mean index for the bright stars 
minus that of the faint ones. The residuals are appreciable, and 
show, in general, a systematic run in the direction that would be 
expected if the faint stars include a larger percentage of dwarfs. 


YALE UNIVERSITY OBSERVATORY 
February 26, 1937 
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PROMINENCES OF THE ACTIVE AND 
SUN-SPOT TYPES COMPARED* 


ROBERT R. McMATH’ AND EDISON PETTIT 


ABSTRACT 


The tower telescope.—The 50-foot tower telescope at Lake Angelus, Pontiac, Michi- 
gan, records solar phenomena by means of the motion-picture camera. All instru- 
mental motions are electrically driven; the coelostat flat and camera are operated by 
the McMath-Hulbert controlled frequency drive and declination control. 

The scout camera and spectral-line control.—Both H and K are used, K for the motion- 
picture camera; the H line, thrown to one side, enters a plate camera so that a promi- 
nence under observation can be photographed and developed for inspection at any time. 
To set the H and K lines on the slits of the spectroheliograph and to check their posi- 
tions an auxiliary fixed slit fed by a mercury arc is used. 

Observing and measuring.—For the bulk of the work a focal length of 40 feet was 
used for the solar image. Exposure is determined by a photronic photometer and is 
usually of the order of 20-25 seconds on prominences with 2} seconds between expo- 
sures. The films are measured by projecting the frames upon a milk-glass screen; the 
position of a knot or streamer along its trajectory is determined with a flexible celluloid 
scale or, in some cases where the motion is small, by a cathetometer. 

Activity within a sun-spot group.—The ejection of bright flocculi has been observed. 
The velocity is about 100 km/sec, and the phenomenon occurs at intervals of about an 
hour. 

Prominences of the sun-spot type.—Detailed measurements of the motions of knots 
and loop ends along their trajectories show that class III prominences obey the first 
law of motion of eruptive prominences and, when the projection factor is small, the sec- 
ond law as well. Many streamers have their origin high above the chromosphere, and 
the appearance cannot be accounted for by Doppler effect. The simplest explanation 
requires the presence of a chromospheric atmosphere in the corona. 

Surges.—These rise from and sink back into the chromosphere in the vicinity of 
sun-spots, forming class IIId. They are mostly small, but one was observed which 
reached a height of 80,000 km with a velocity of 240 km/sec. The first law of motion 
seems to prevail in this type also. 

Quasi-eruptions.—A case where an active prominence rose to a great height, nearly 
reaching the eruptive stage, before being drawn back to the center of attraction is cited. 
This forms a connecting link between active and eruptive prominences and sub- 
stantiates the idea that eruptions are extreme cases of the active or class IIIc stages. 

Active prominences.—Detailed measurements on these prominences show that the 
streamers and knots move along their trajectories, obeying both laws of motion of 
eruptive prominences. 


Previous observations on prominences have been obtained prin- 
cipally with spectroheliographs of the ordinary kind such as those of 
the Yerkes and Mount Wilson observatories. In following the rapid 
motions of prominences and their changes of form it has long been 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 568. 
? Director of the McMath-Hulbert Observatory of the University of Michigan. 
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seen that an automatic instrument which would take the pictures on 
film at regular intervals would be very desirable. This has been 
realized in the new tower telescope of the McMath-Hulbert Observa- 
tory of the University of Michigan, as a logical development of the 
pioneering work with the spectroheliokinematograph at the same 
observatory. 

This equipment has already been described? elsewhere, but for the 
sake of completeness a short description is given here. The tower is 
situated at Lake Angelus, Pontiac, Michigan, near the 103-inch 
telescope, which is equipped with the spectroheliokinematograph 
and underground control room of the McMath-Hulbert electric 
drive.’ Plate VIII is a perspective drawing of the tower telescope by 
Dr. Russell W. Porter illustrating its salient features. The 50-foot 
tower, of steel throughout, stands over a spectrograph well 30 feet 
deep. The 22-inch coelostat and 18-inch flat mountings are modeled 
after those of the Astrophysical Laboratory of the California In- 
stitute of Technology.’ The flat mounting of the Porter type enables 
the observer to move the solar image in right ascension and declina- 
tion at any season of the year. The coelostat is driven by the con- 
trolled frequency A.C. current from the underground control 
room (lower right in Pl. VIII), and all slow and fast motions of both 
coelostat and flat are controlled by push buttons. 

The image-forming system of the tower consists of two off-axis 
concave mirrors of 16 inches diameter, 40 feet focal length, and 12 
inches diameter, 20 feet focal length, respectively. From one of these 
mirrors light returns up the inner tower to a flat which can be moved 
vertically, on rails, either electrically or by hand from the spectro- 
graph head. After leaving the flat the light comes to a focus at the 
spectrograph head upon a centrally placed slit. A 6-inch lens 
mounted on the mirror carriage can easily be substituted for the 
mirror. For guiding purposes a 4-inch lens and enlarging mirror 
form a 16-inch solar image which is maintained within a circle, 
drawn on a screen, by the slow-motion and rate buttons of the 


coelostat and flat. 


2 Pub. Obs. U. Mich., 7, No. 1, 1937. 
3 [bid., 5, No. 10, 1934, and 5, No. 8, 1933. 4G. E. Hale, Ap. J., 82, 111, 1935. 
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50. TOW ER TELESCOPE. 
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THE SPECTROGRAPH 

The spectrograph is of the Littrow type. The combined 6-inch 
plane grating and 6-inch collimator lens-mounting can be moved 
electrically to any level desired in the 30-foot pit. A 15-foot and a 
30-foot focus collimator lens are provided, the former for spectro- 
heliographic work. The spectrograph may be rotated through a 
complete circle for orientation purposes, and its head carries an 
index for reading position angle (Pl. VIII). 

For the motion-picture spectroheliographic work here discussed 
the arrangement of the spectrograph head is as follows: The first 
and second slits, 1 inch long, are attached by links to the opposite 
ends of an equal-arm, first-class lever. This slit linkage is given a 
continuously oscillating motion by a motor-driven cam. The motion 
of the slits is uniform during the 1-inch stroke of a half-second dura- 
tion. Thus, if the K line is passed through the second slit, it will 
continue to pass through for any position of the slit in the stroke, 
thus fulfilling the conditions of the spectroheliograph. 

Above the second slit is the motion-picture camera box, containing 
a Bell and Howell 35-mm precision film gate driven by a selsyn motor 
operated by a selsyn generator on the timing drive in the control 
room. The shutter, operated by the camera, is located beneath the 
second slit. A remote-control board near the spectrograph head (not 
shown in Pl. VIII) is provided with an electric tachometer which 
enables the observer to set the timer to any desired exposure for 
each frame of the motion-picture film. The interval between the end 
of one exposure and the beginning of the next may be varied from 
2} seconds, normally used, to more than 1 minute. 


THE SCOUT CAMERA 


In all studies of prominence motions it is important to follow the 
motion and the changes of form as they take place. To accomplish 
this, the H line of Cat is thrown to one side by a right-angle prism, 
just beneath one jaw of the K slit, and passed through a third or H 
slit whose jaws are in a plane perpendicular to those of the K slit; 
thence horizontally to a second right-angle prism; and then vertically 
through a transfer lens to a plate camera box which we have called 
the “scout camera.” The prisms, H and K slits, and camera transfer 
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lens are all mounted together on a slide and partake of the oscillatory 
motion of the slit drive. 

The scout camera is a metal box 28 inches long containing a plate- 
holder for plates 2 X 12 inches. Exposures are made by a hand- 
operated shutter and developed at any time to enable the observer 
to follow the motion of the prominence without interfering in any 
way with the exposures being made on the motion-picture film 
through the K slit. 

Ordinarily exposures are made with the scout camera at intervals 
of 5-10 minutes, and plates are developed at the end of each hour or 
half-hour. If interesting developments appear, the number of ex- 
posures is increased and the plate cut off for development at 15- or 
20-minute intervals. 

THE SPECTRAL-LINE POSITION CONTROL 

In any spectroheliograph where exposures are carried over a 
number of hours, it is very desirable to be able to check the setting of 
the chromospheric line upon the camera slit (second slit) without 
disturbing the exposure which is in progress. In this case the solar 
spectrum itself cannot be used, as in the Rumford spectroheliograph 
at Yerkes, since it is in continuous oscillation. A fixed slit and mer- 
cury arc are therefore used. By setting this slit in the solar spectrum 
band about g.5 inches toward the red from the mean position of the 
K slit, the yellow line \ 5790 appears in line with the fixed slit and 
in the same direction and distance (4 in.) as the first slit from the K 
slit. A microscope, which can be clamped in position with a single 
field thread upon the line, serves to check any movement of the 
spectrum with reference to the slits. If at any time the line shifts 
from the microscope field thread, it can be returned by the grating 
hand slow- motion. 

In a similar equipment for Ha neon is used with the same guide 
microscope, but with the neon arc and slit on the opposite side of the 
K slit and 11 inches away, beneath the spectrograph head. 


METHODS OF OBSERVING 


The methods of observing are, in great measure, adapted from 
those in use at the 103-inch telescope already described.’ It was 


5 Pub. Obs. U. Mich., 5, No. 8, 1933. 
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originally supposed that the bulk of the work would be done at the 
20-foot focal length, but after some preliminary trials it was found 
that the general atmospheric definition and tower performance were 
sufficiently good to permit constant use of the 40-foot focus. A brass 
plate with a curved edge masks the solar disk but exposes the 
prominences in the frame of the camera so that, when the film is run 
through a motion-picture projector, the chromosphere appears along 
the lower border. 

In beginning the work for the day a chart indicating position 
angles of the prominences is drawn at the 10}-inch spectroheliokine- 
matograph used as a spectrohelioscope. The prominences are then 
photographed on the 4o-foot scale with the scout camera at the 
tower, the spectrograph head being set to the corresponding position 
angles. The exposure time for the prominence selected for the day’s 
run is determined by a photronic cell and blue filter, set in the beam 
from the second flat. 

Because the 12- and 16-inch mirrors were not completed in time 
to be used in the 1936 observing season, substitutes were obtained in 
a 40-foot focus, 10-inch on-axis mirror used off-axis and an 18-foot 
focus, 6-inch objective on loan from Mount Wilson. The 6-inch 
grating, with 600 lines to the millimeter and a bright first order, was 
also lent by Mount Wilson. This grating will be replaced shortly by 
one ruled by Babcock especially for our work. With this temporary 
optical system and a good sky, prominences were usually photo- 
graphed on Eastman Par Speed film in 20-25 seconds; on Eastman 
I-O film in ro seconds. The average summer sky somewhat increased 
these exposure times, however; but the 12- and 16-inch off-axis 
mirrors now available will considerably reduce them. 

A magnetic counter operated from the motion-picture camera 
drive records the number of frames taken. This counter is set to 
zero; and a piece of glass with a camera frame and the date and film 
serial number inked upon it is placed above the aperture in the mask 
over the first slit during the zero frame exposure, in order to identify 
the film or scene. We regard a film pertaining to a particular promi- 
nence on a particular day as a scene. At this same time the electric 
chronograph is thrown into the magnetic counter circuit, and the 
time corresponding to one of the succeeding frames is determined 
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from a chronometer checked from wireless time signals and marked 
on the chronograph sheet. Guiding then proceeds on the 16-inch 
solar image, which is kept within a closely fitting circle by means of 
the slow-motion and rate buttons. 

The drive of the instrument in right ascension and in declina- 
tion may be modified by rate buttons to allow for the changing co- 
ordinates of the sun. After the first half-hour the rates are so 
well established that only occasional correction is needed. Correc- 
tion tables based on mean refraction in hour angle and declination 
have been made to apply to the fundamental rates, but in prac- 
tice these are unnecessary save as an occasional check. We regard 
40 or 45 feet of film as a good day’s run, but as many as eighteen 
hundred frames have been taken. 

In operating the coelostat between the first of April and the first of 
September no shift is needed to avoid the shadow of the 18-inch flat, 
and one shift suffices the rest of the year. All film is developed 
commercially, a master positive and a duplicate pink negative being 
made of scenes suitable for projection and measurement, respec- 
tively. 

MEASUREMENT OF THE FILM 


Obviously the simplest procedure is to measure the projected 
images of the film frames. In most prominences the motions take 
place along curved lines; hence the measurements must be made with 
a curved celluloid scale, which is most easily done on the reverse side 
of a translucent screen which avoids shadows. There must also be 
slight adjustments to correct for guiding errors, and for orientation 
of the image in certain cases where radial motions are measured by 
microscope. When measurements are made on Ha images from the 
103-inch telescope, which cannot be oriented on the film, means 
must be provided for orientation through an angle of 180°. These 
conditions have been satisfied by the measuring machine illustrated 
in Plate IX. 

Two reels and a frame counter are mounted on a double slide A, 
which also has a rotation ring operated by a worm screw B. Light 
from a 50-watt automobile lamp in a projector C passes through the 
film F, which is projected upon a milk-glass screen S with a motion- 
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MACHINE FOR MEASURING IMAGES ON FILMS 
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picture projector objective at O. Just in front of this objective is 
placed a reversing prism P by means of which the image on the milk- 
glass screen may be rotated through any angle. A plane mirror M 
in front of the prism places the screen in a convenient position for the 
operator. The magnification employed gives a scale on the screen 
of 2000 km/mm. 

For the measurement of ordinary prominence motions along their 
curved paths a transparent celluloid millimeter scale was used. The 
outline of the chromosphere and small prominences was first marked 
on the screen (reverse side) and, after the scene was run through the 
projector, the path of the prominence (knot or streamer end) was 
faintly marked. All measurements were then made along this path 
with reference to its intersection with the chromosphere as origin. 
Thus the center of attraction becomes the origin in these measure- 
ments, instead of the point where the knot or streamer leaves the 
prominence, as in similar measurements on class IIIc prominences 
already given.® The letter C at the end of each plot (Figs. 1-6) 
indicates the zero of ordinates in each case, i.e., the position of the 
chromosphere in the measurements. On all succeeding frames after 
the first the chromosphere was made to match the outline on the 
screen by use of the double slide and orientation screw, when neces- 
sary, before measurements were made. Small eruptions, which we 
have called “surges,” were measured on the screen with a microscope 
attached to a cathetometer K reading to 0.1 mm. 


ACTIVITY WITHIN A SUN-SPOT GROUP 


The appearance of bright flocculi within a sun-spot group is well 
known, but detailed records of the phenomenon have been difficult 
to secure with the ordinary spectroheliograph. The group Mt. W. 
4955 in latitude 21° N., longitude 36° E., photographed by us in K2 
with the 18-foot objective on July 11, 1936, furnished material for 
detailed study. The leading principal spot had a field of R 1800 and 
the following spot V 2000 gausses.’? An irregular floccular area sur- 
rounded the group in which two lanes (Pl. X, A and B) lead from 
the preceding spot. Along one edge of lane A three eruptions of 


6 Mt. W. Contr., No. 552; Ap. J., 84, 319, 1936. See Fig. 2. 
7 Pub. A.S.P., 48, 279, 1936. 
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bright chromospheric matter were seen to travel at intervals of 
about an hour. Table 1 gives the G.C.T. of the beginning of the 
eruption, the interval between eruptions AT, the duration, period of 
growth, width and length, and measured velocity. Plate X shows 
six exposures at intervals of about a minute, illustrating the 
development of one of these eruptions. They seem to arise from a 
point just within the umbra and move along the edge of the dark 
lane A with velocities of about 110 km/sec. Their width, 2000 km, 
and length, 8000 km, make them difficult objects to measure. The 
period of growth, about 1.5 minutes, was determined from exposures 
at intervals of 18.6 seconds. So far as can be determined, the period 


TABLE 1 
ERUPTION OF BRIGHT FLOCCULI WITHIN A SUN-SPOT GROUP 
Period of 
Gx#T. AT Duration Growth Width Length Velocity 
(Km) (Km) (Km/Sec) 
(Sec) 
73 1500 8000 110 
56™33 4.35 74 2000 8000 108 
68 . 83 6.48 04 2400 10,000 106 
48.05 11.74 259 2400 | 18,000 70 


following maximum extension is occupied, first, by a general increase 
in brightness, then by a fading-away. We can only guess what the 
brightness is in terms of the chromosphere. It has already been 
shown® that the floccular area about a sun-spot group is about 50 
per cent brighter than the chromosphere in K2. We estimate the 
bright flocculus A to be about 50 per cent brighter than the floccular 
area surrounding the spot group, which would make it about twice 
as bright as the chromosphere. 

Just what is the three-dimensional character of these bright 
floccular eruptions is difficult to decide with our present material. 
Nothing in the exposures on sun-spots at the limb corresponds to 
them, and it is probable that they do not rise sensibly above the 
chromosphere. This idea is verified by the appearance of the last 
eruption in Table 1, which began along the lane B between the spots 
and moved to the preceding spot 18,000 km away. When observed 


8 Tbid., p. 332, 1936. 
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with a motion-picture projector, it appears to run beneath the sur- 
rounding flocculi at some points in its path. 

No eruptions occurred in the following spot over the entire period 
of observation, 6"21™. Very slow movements are observable in the 


150 


100 


50 


0 5 MIN TO MIN 15 MIN 20 MIN 


Fic. 1.—Motions of knots and streamer ends in sun-spot type prominence, class 
IIIb, of July 16, 1936 (Pl. XII, Nos. 1-5). Ordinates in this and succeeding figures are 
distances from chromosphere, C, in thousands of kilometers. The level of C is varied 
for convenience in plotting. 


details of the floccular area and some of the surrounding flocculi, but 
these are not easily measured. The general outline of the floccular 
area remained remarkably fixed. Further discussion of these phe- 
nomena will be reserved until more observational data have been 
accumulated. 


i 
i 
a 
T T 
28-9 39 ku 
“KM /Sec - 
e ‘SEC 
(4) 85 "> 
% 
& 
4 6. 
j Seo 
% 
Ny 
6) 
~ 
= 
i 
3 
193° 
*M/se¢ 
8) 
40 ty, 
KM / 
j 
ce 


288 ROBERT R. McMATH AND EDISON PETTIT 


PROMINENCES OF THE SUN-SPOT TYPE 


The general features of the subdivisions of this type (class III) 
have already been described.’ Detailed measurements were given 


200;- 
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100 
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Fic. 2.—Motions of knots in the sun-spot type prominences, class IIa, of August 24 
(Pl. XI), plots 1-4, and August 8, 1936 (final stage after disappearance of great surge of 
Pl. XIII), plot 5. 


for class IIIc. Similar measurements are given here for class IIIa, 
which consists of broken filaments or sections of loops moving radial- 
ly into the spot area from different directions, and also for class IIIb, 
in which the prominence consists of fountain-like loops rising from 
and returning to the spot area. 


9 Mt. W. Contr., No. 552; Ap. J., 84, 319, 1936. 
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In Figures 1, 2, and 3 are collected the time-distance diagrams for 
loops and broken streamers of several prominences of classes IIIa 
and IIIb observed during the months of July and August, 1936. It is 
clear that the prevailing feature of their plots of motion along the 
streamer trajectories is uniform motion broken at intervals by sud- 
denly increased velocities. On the other hand, one or two cases, where 
several breaks occur, might be represented by curves; but, if we ex- 
amine the circumstances, we find that they are cases where the loops 
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0 
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Fic. 3.—Motions of knots and streamer ends in the sun-spot type prominences 
class IIIa of August 20 (Pl. XII, 6-10), plots 1-5, and August 22, 1936, plots 6 and 7. 


were formed at large angles of projection. Diagrams No. 3 (Fig. 1) 
for July 16, No. 2 (Fig. 2) for August 24, and Nos. 6 and 7 (Fig. 3) for 
August 22 are examples in point. Uniform motion along a curve will 
give rise to an apparently accelerated motion if the angle of pro- 
jection is large, and this may be the reason for the general curvature 
in these diagrams. This factor of projection will also appear in appar- 
ent deviations from the second law of motion” of eruptive promi- 
nences, i.e., when the velocity of an eruptive prominence changes, 
the new velocity is a simple multiple of the old. Cases of this sort are 


10 Tbid.; see also Mt. W. Comm., No. 118; Proc. Nat. Acad., 22, 249, 1936. 
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seen in July 16, No. 3 (Fig. 1); August 22, No. 7 (Fig. 3); and August 
24, No. 3 (Fig. 2). 

There are a number of examples, however, where the second law 
of motion holds with considerable precision. In Table 2 are collected 
data for seven such cases. The third column gives the observed suc- 
cessive velocities shown in Figures 1, 2, and 3, and the fourth 
column the factors by which each must be multiplied to obtain the 
following velocity. A simple inspection will show how closely these 
factors apply. 


TABLE 2 


VELOCITIES IN SUN-SPOT TYPE PROMINENCES WHICH OBEY THE 
SECOND LAW OF MOTION OF ERUPTIVE PROMINENCES 


Date Factors | Quality 
I 30, 84, 160 2,2 G, F 
2 40:0; 1116 2,2 | G,G+ 
4 57-9, 110 2 G 
6 46, 557.6 G 
8 40, 83 2 G 
5 47; go 2 G 
August 20....... 3 118, 232 2 G 


The period of duration of uniform motion at a given velocity is for 
the most part a half or a third of the duration of the streamer or 
knot, generally about 5 or 1o minutes. The maximum duration of a 
single velocity in the prominence of July 16, No. 6, is 15 minutes; 
August 24, No. 2, is 20 minutes; and two parallel-moving knots of 
August 20, No. 4, have a single velocity of 15 minutes’ duration. 
The numerous observations can leave little doubt as to the character 
of the motion. It will easily be seen that these observations could 
scarcely be secured with a manually operated spectroheliograph. 

In general, the streamer section or knot lengthens rapidly as it 
approaches the chromosphere, often making measures impossible 
or of doubtful value. This explains the general tendency of the last 
three or four measures to deviate from the straight lines in the 
diagrams in Figures 1, 2, and 3. 
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STREAMER ORIGIN 


When we observe the action in prominences of classes IIIa and 
IIId with a motion-picture projector, it is evident that many stream- 
ers seem to have their origin high above the chromosphere and pour 
into the spot area. Frequently a faint spot of light, essentially round, 


17450™ istoom 10M 20M 30M 40M 


Fic. 4.—Rise and fall of surges, sun-spot type prominences, class IIId (Pl. XIII), 
August 8, 1936, plots 1-3; July 16, plot 4; and August 22, plot 5. Plot 6 is a similar 
eruption connected with the tornado of July 15, 1936. 


will appear from 75,000 to 150,000 km above the chromosphere, 
rapidly brightening over a period of 2 or 3 minutes. The class IIIa 
prominence of August 24, shown in Plate XI, illustrates this phe- 
nomenon. Here every fifth frame is shown to speed up the action. 
The time-distance diagrams corresponding to this plate are Nos. 1 
and 3 in Figure 2. 
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Number 3 in Figure 2 is an extreme instance of this kind. The 
period of increase in brightness covered 20 minutes, with two periods 
of 8 minutes when the velocity was zero, or sensibly so. In other cases 
—notably July 16, Plate XII, 1-5 (Fig. 1, Nos. 2 and 3)—a very 
faint streamer completes the loop of a class IIIb prominence. After 
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Fic. 5.—Motions of knots and streamer ends in the quasi-eruption of July 24, 1936. 
Vertical motion of the crest, plots 1 and 2; vertical rise of stem, plot 3; horizontal 
motion of head, plots 4 and 5. Vertical motion of the eruptive prominence of August 


15, 1936, plot 6. 


the stationary period, which may also not exist in most cases as an 
examination of Figures 1, 2, and 3 will show, the spot of light or knot 
descends into the sun-spot area, gradually being stretched out into a 
streamer section. Whether we set upon the center or upon one end 
of this streamer section, measurement results in uniform motion 
diagrams. 

This phenomenon raises the question of the origin of chromo- 
spheric matter at so high a level. Possibly the most obvious explana- 
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tion is that radial velocity resulting in Doppler displacement of the 
line on the second slit has modified the picture, so that one branch of 
the closed loop of a class IIIb prominence has been eliminated. 
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Fic. 6.—Motions of knots and streamer ends in active prominences. Quasi-eruption 
of July 24, streamer pulled to center of attraction, plot 1; July 27, plots 2-4; August 1, 
plot 5; August 11, plots 6-8. 


While we have not followed the radial velocities during these par- 
ticular scenes, the following arguments seem to substantiate the 
reality of the pictures. 

1. In most of the scenes complete loops are visible in diverse 
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angles of projection. Examples will be found in Plates XI and XII. 
This condition could not follow if Doppler displacements seriously 
affected their appearance. 

2. The slit width in use, 0.35 mm, is equivalent to about 1 A with 
our dispersion. A radial velocity of + 76 km/sec would therefore be 
required to produce a serious displacement of the line from the 
second slit. While velocities as high as 150 km/sec are observed 
along the trajectory (loop) in these prominences, they occur at the 
end of the loop as it enters the chromosphere, where the component 
is nearly radial to the sun and perpendicular to the line of sight. In 
the middle of travel at the top of the loop the velocity along the loop 
seldom exceeds 40 or 50 km/sec. 

3. The same results would be obtained mechanically if the 
spectrograph adjustments failed and the line shifted to an improper 
setting. The effect of such maladjustment was tested at our tower on 
a class IIId prominence by taking exposures with the line set at 
normal position, then o.5 A on either side by use of the mercury-arc 
spectral-line position control and spectrum drifter attached to the 
angstrom dial. When these frames were compared, no substantial 
difference was noticeable save in sharpness of image, which is of 
course best for the normal line position. In any case, this defect does 
not afiect our results, since the adjustment is accurately maintained 
at all times by the spectral-line position control. 

4. Since the normal setting is kept intact, we would expect that, 
in loop formations, only that part from the point on the chromo- 
sphere where the prominence rises to the point where the radial ve- 
locity exceeds about + 114 km/sec would appear in the picture; and 
that it would always be the latter half of the loop, from the crest to 
where it re-enters the chromosphere, which would be lost. Since the 
reverse condition prevails, this argument does not apply. It is 
expected that, during the coming observing season, a regular record 
will be kept of the radial velocity of each prominence under observa- 
tion. 

By far the simplest idea is that a tenuous chromospheric atmos- 
phere prevails, mixed with the inner corona, and that the electrical 
field of the spot area condenses this atmosphere and pulls it back 
into the chromosphere. There are several objections to this notion. 
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First, it seems that we must attribute chromospheric lines in coronal 
spectra to scattering in our own atmosphere, since they are found on 
the dark face of the moon. It is a little difficult to say whether a 
weak chromospheric spectrum would be found with ideal eclipse 
conditions, but E. P. Lewis™ states that no chromospheric lines were 
present in his coronal spectra taken at Flint Island in 1908. Lewis 
attributes his results to having begun exposure 5 seconds after 
second contact. Again, there is no mechanism for the propulsion of 
neutral hydrogen atoms, although observational evidence for the 
identity of these prominences in Ha and Kz is still uncertain. 
Neutral atoms such as those of hydrogen or helium are always dif- 
ficult to handle when we consider how they may be propelled along 
with ionized calcium. So far, resort must be had to collisions to 
produce a drag of the hydrogen atoms upon the calcium gas passing 
through it, but the relatively small proportion of ionized chromo- 
spheric atoms present with the hydrogen would vitiate the effect. 
We expect to examine more closely the relative forms of sun-spot 
prominences in hydrogen and calcium during the coming observing 
season. 

Occasionally faint streamers develop at an elevation of 150,000- 
200,000 km above the spot area and descend into it. These are 
of irregular form and apparently not associated with the loops and 
broken streamer sections. They are too faint for measurement, but 
on the screen their motion is very apparent. A similar case will be 
noted in our study of active prominences. 

The prominence of August 20 (Pl. XII, 6-10) was one of peculiar 
action. From the time it was first observed on the west limb of the 
sun it seemed to consist of an arch, the matter in which moved down 
both branches from the crest toward the chromosphere. Only the 
right branch, which entered the growing sun-spot group Mt. W. 
5001, was measurable, however. On this branch velocities as high 
as 129 km/sec were observed (Fig. 3, Nos. 1-5). Toward the end of 
the observing period a faint arch of slightly greater radius appeared 
over the left branch and, entering the right branch, fed matter into 
it. An examination of Mount Wilson plates reveals no prominence 
outside our frame which could feed this streamer into it. It seems, 


™ Lick Obs. Bull., 5, 11, 1g08. 
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therefore, that we must admit that a source of chromospheric matter 
exists high above the chromosphere from which these streamers are 
fed into sun-spot areas. 


SURGES 


Beside classes IIIa and III#, a class IIIc, in which lateral, probably 
accidental, prominences pour into a sun-spot group in company with 
either of the other two types, has already been described.’ In all 
three classes the characteristic motion is toward the spot group. It 
now appears that there is a fourth subdivision of class III, of tran- 
sient nature, which we have called “surges” and tentatively as- 
signed to a new subclass, IIId. 

When observed by projection with a motion-picture machine, the 
chromosphere in the vicinity of a sun-spot group appears to be in 
continual motion. Slight elevations take place which endure only 1 
or 2 minutes, and larger elevations rise and fail back into the 
chromosphere. These surges have some analogy to the rise and fall 
of the ocean on the coast line. There are also elevations which persist 
during the taking of a scene, possibly 2000 km high and 15,000 km 
long, an example of which, 5000 km high and 60,000 km long, appears 
in Plate XII, 6-10. Plate XIII shows three examples of surges ob- 
served in 1936. The first two rows show the rise and subsidence of the 
great surge of August 8, observed at the 103-inch telescope with the 
spectroheliokinematograph in Ha. The third row shows simultane- 
ous frames taken at the tower telescope during the subsidence in K2 
for comparison with the second row in Ha. This great surge appeared 
over the region of a spot on the west limb in position angle 255°, in 
latitude S. 27°, longitude 79° W. of the central meridian. This spot 
was a member of a complicated triple group (Mt. W. Nos. 4974, 
4975, and 4982), the principal member of which had nearly dis- 
appeared; but the spot in question, a member of No. 4974, was 
increasing in intensity, having a polarity of V 1400 gausses on the 
previous day. About midday a brilliant floccular area was seen by 
H. Sawyer over this region, and the spectroheliokinematograph at 
the 103-inch telescope was set upon it in Ha. After photographing 
for about a half-hour, the great surge that rose out of this floccular 
area was seen visually in this instrument; the tower was then set 
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upon it, and exposures were begun just before maximum height. In 
Figure 4 are the time-height diagrams for this surge in Ha and Ka, 
; the height being measured along the direction of motion, at an angle 
of 42° to a solar radius. Here it will be noted that the rise was very 
abrupt, indicating a velocity of 240 km/sec, while the maximum 
velocity of recession was 71 km/sec. The maximum height attained 
was 80,000 km. Here, again, it is seen that the first law of motion of 
eruptive prominences applies, although the second does not, and 
that the motion in Ha and K2 is practically identical. When near 
maximum height the prominence seems to rise and fall slightly for 
some 20 minutes before beginning to descend, the total life being 
about an hour. An examination of Plate XIII shows that the form 
of the prominence was practically identical in Ha and K2. 

Just as this prominence subsided, another, but very much smaller, 
surge appeared at its base, moving nearly at right angles to it and 
' rising to an elevation of only 10,000 km (Fig. 4, No. 3). This promi- 
nence did not seem to be the same in Ha and Ka, but this appearance 
may be a photographic effect due to the small size of the image, 
especially in Ha. The area then developed several fountains typical 
of class IIIb prominences approximately the same in Ha and Kaz. 
The surges of July 16 and August 22 (Fig. 4, Nos. 4 and 5, re- 
spectively) were relatively very small and were measured with the 
cathetometer attachment. These measurements show the principal 
features of the great surge described above. The rise and fall seem 
to be with uniform motion of high velocity. These surges are too 
small for us to be sure of the oscillations at the time of greatest rise. 
Another small surgelike prominence appeared at the base of a 
; tornado on July 15 and was projected at an angle of 45° to the 
vertical with a velocity of 27 km/sec. The plot of this prominence is 
No. 6. In this last instance, although the height attained was only 
26,000 km, the oscillation at the time of greatest extension seems to 
be established. The uniform character of the velocity during the rise 
is also patent. 

This rise and fall of surges suggests that the chromospheric 
matter forming them comes from the lower layers of the chromo- 
sphere and carries with it, in its explosive rise, a considerable amount 
of the surrounding gases. 
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QUASI-ERUPTIONS 


When a class II prominence or one of class IIIc becomes very 
active, the attractive force at the center of attraction or of the 
sun-spot area pulls off increasingly stronger and more numerous 
streamers, which rise higher and move in arcs of greater curvature 
toward the chromosphere. Finally, the prominence is torn apart and 
pulled bodily along these elliptical arches into the center of attrac- 
tion or the spot area, the arches or streamers often overshooting the 
mark and returning to the chromosphere in an opposite direction. 
The prominences of September 22, 1919,” and August 27, 1935,’ are 
examples which have already been discussed. It was shown that 
these two prominences obeyed both laws of motion of eruptive 
prominences, and it was suggested that eruptive prominences result 
when the force of attraction suddenly becomes very large, causing 
the elliptical streamers to rise until the two branches, ascending and 
descending, are nearly parallel, when the prominence rises and leaves 
the sun entirely, continuing to obey the laws of uniform motion with 
sudden increases by small multiples. 

A case which we have called a “‘quasi-eruption”’ was observed with 
the tower at Lake Angelus on July 24, 1936. The type, being inter- 
mediate between classes I and II, fills this gap in classification and 
confirms the idea of the origin of eruptive prominences expressed 
above. 

This prominence appeared at a point on the east limb of the sun in 
latitude N. 23° and poured streamers into an area of attraction 
located at latitude o°. There was no sun-spot area in this neighbor- 
hood, the nearest being a group which appeared two days later in 
latitude S. 27° on the east limb, and we have therefore classified it as 
primarily an active type developing eruptive characteristics. 

Plate XIV illustrates twenty stages of this prominence at intervals 
of about 5 minutes, and Figure 5 shows the time-distance plots. 
Numbers 1 and 2 in this figure refer to the vertical motion of points 
on the crest before the eruption began. Numbers 4 and 5 show the 
horizontal motion of the bright linear condensation toward the 
center of attraction, and No. 3, the vertical rise of the stem of the 
prominence. Plot No. 1 in Figure 6 refers to the motion of two knots 


12 Pub. Yerkes Obs., 3, Part 4, 1925. 
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moving close together and in parallel directions along a streamer into 
the center of attraction. All these plots indicate the uniform motion 
which is characteristic of both active and eruptive prominences and 
very approximately satisfy the second law of motion as well. 

One of the striking features of this prominence was the spiraling of 
the entire mass, at the greatest height attained. The rotation was 
about an approximately horizontal axis, each point making about 
half a revolution as the motion was converted from an ascent into a 
descent by the center of attraction. A very similar phenomenon was 
observed in the great eruptive prominence of May 29, 1919, which 
was associated with a sun-spot group. In this instance, spiraling 
about the magnetic lines of force from the spot would account for the 
observed facts; but in the quasi-eruption of July 24, 1936, no spot 
group was present. The half-revolution observed could be accounted 
for, however, by the mechanical change of direction produced by the 
center of attraction. Two bundles of streamers from this prominence 
reached a height of 325,000 km, directly in the line of ascent, and 
have the appearance of a true eruption. 

We have, so far, no very great evidence of any brightening of the 
photosphere or chromosphere beneath or near an eruptive promi- 
nence which might furnish a propelling force. A careful review of a 
film taken at the 10}-inch telescope in Ha showing an eruptive 
prominence on the disk in the neighborhood of a small sun-spot's 
seems, however, to indicate a brightening in the chromosphere near 
the spot, not exceeding 5 per cent (for only a few frames), just before 
the eruption took place. It is possible that this fact is in no way 
associated with the eruption, but it is here made a matter of record. 

An instance of true eruption combined with horizontal spiraling 
was observed on August 15, 1936. This prominence rose in latitude 
S. 35° on the east limb, pouring into a center of attraction in latitude 
S. 19°. No sun-spot appeared near this region. Because of clouds 
only four frames of the eruptive stage are measurable. They show 
(Fig. 5, No. 6) a uniform motion of 288 km/sec, the prominence 
rising from 112,000 to 136,000 km in 88 seconds. The northern 
portion of the prominence, still in the active state, then moved bodily 


into the center of attraction in the form of a horizontal spiral of . 


13 Pub. Obs. U. Mich., 6, No. 4, 1934. 
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cyclonic characteristics, 60,000 km in diameter. The motion to the 
center of attraction, 50,000 km distant, was horizontal, with a mean 
velocity of 17 km/sec, although the end velocity was much higher 
than the average. A very rapid brightening of the cyclone during 
the last few frames, after the rest of the prominence had nearly faded 
away, is a prominent feature of its destruction; but this effect may be 
due partially to changes of atmospheric transparency for the low 
evening sun. 


ACTIVE PROMINENCES 


Only two prominences of the active type, torn apart by a center of 
attraction, without the presence of a sun-spot, have so far yielded 
sufficient material for time-distance diagrams with the older forms 
of the spectroheliograph.? Here, again, the chief difficulty in de- 
termining the character of motion has been the short duration of the 
streamer or knot in its trajectory; and for all such cases the motion- 
picture method has the advantage in securing very much more 
observational material. 

During the season of 1936 four of these rather evanescent phe- 
nomena were observed at Lake Angelus with the tower telescope, 
for three of which, five stages are shown in Plate XV. The first, 
observed on July 27, was on the east limb at 7° N. latitude. The 
nearest sun-spot was a complicated group on the same limb, 34° 
southward. Plots Nos. 2, 3, and 4 in Figure 6 refer to the streamers 
projected from the inclined crest over a curved trajectory to a center 
of attraction situated nearly at the base. The measurements refer 
to the end of the falling streamer. Two of these streamers were 
measured, following the same trajectory, but the first only part way, 
as the diagram shows. 

The second prominence was observed August 1, on the west limb 
at latitude S. 27°, pouring into a center of attraction situated in 
latitude S. 40°. Another center developed in latitude S. 21°. No 
spots were near either position, and the motions must be referred to 
centers of attraction. The fifth diagram in Figure 6 refers to the end 
of a streamer which was projected into the more southerly center. A 
high streamer appeared over the northerly center 120,000 km above 
the chromosphere, condensing into a knot at 100,000 km which 
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descended to the 70,000 km level and fed a streamer into the center 
of attraction. The faintness of this object made measurements 
impossible. As in the case of the class III prominences previously 
described, an examination of the Mount Wilson plates reveals no 
source outside the Lake Angelus frames which might contribute this 
streamer. We therefore conclude that it formed in the space high 
above the chromosphere. Disconnected streamers which seem to be 
formed high above the chromosphere are thus found in the region of 
active prominences as well as in that of spot-type prominences. 

The third case appeared on the east limb of the sun on August 11, 
in latitude S. 66°. Streamers leaving the top of the prominence 


TABLE 3 


VELOCITIES IN ACTIVE PROMINENCES WHICH OBEY THE 
SECOND LAW OF MOTION OF ERUPTIVE PROMINENCES 


Date Factors Quality 
ae 2 20, 63, 108 4,2 G, F 
I 20, 42 2 G 
TT. I 17, 34, OF G, G 
2 75 2 G 
3 7, 10 Io G 


poured intoa center of attraction situated in solar latitude S. 69°. The 
prominence had the appearance of a column 86,000 km high and 
42,000 km wide. Three streamer ends were measured, two coming 
from a point about a third the way down and moving along the same 
trajectory and one from a point higher up. The time-distance plots 
are given in Figure 6, Nos. 6, 7, and 8. 

A streamer from the top of the quasi-eruption of July 24 (PI. 
XIV) was pulled into the center of attraction with constant velocity 
over a great distance (180,000 km). Plot No. 1 in Figure 6 refers to 
this streamer. 

In Table 3 are collected the velocities of these active prominences 
for all cases where more than one velocity occurred. Here, again, 
the laws of motion of eruptive prominences apply, the motion being 
uniform and increasing suddenly at intervals by a small multiple of 
the velocity. It has now been shown that these two laws of motion, 
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here stated as one, apply to active, eruptive, and spot-type promi- 
nences and all their subdivisions. Such motion seems to be char- 
acteristic of prominences whether measured in the vertical direction, 
as in the eruptive type, or along the trajectory or streamers, as in 
the other types. 


TORNADOES 


These objects are so small that only the best atmospheric condi- 
tions will show their details. Three of them have been so far ob- 
served. In one, that of August 10, which appeared on the east 
limb, 52° N. latitude, a knot, which developed near the top at about 
40,000 km above the chromosphere, spiraled down in front to a 
level of about 10,000 km and disappeared. The faintness and indefi- 
niteness of the knot did not warrant detailed measurement, but a 
mean velocity of 10 km/sec was indicated. Plate XV, 16-20, shows 
five stages of this knot movement. This tornado, 50,000 km high, 
increased from 10,000 to 20,000 km in diameter during the 7 hours 
it was under observation. 

A feature of this prominence which is typical of those already 
examined" is the formation of a smokelike column at the top of the 
vortex. This seemed always to be present, reaching a height of 
90,000 km above the chromosphere, fading and brightening now and 
again, finally becoming as brilliant as the vortex itself. It then 
inclined strongly, bent, and detached itself, and, in the last stage 
observed, floated as an isolated cloud set at an angle of 45° to the 
vertical, expanded to several times its original volume. Plate XV 
also shows five stages of this phenomenon. 

As in the cases of tornadoes already cited, no movement of 
translation in solar latitude could be positively detected during the 
7 hours it was under observation. In no case was atmospheric 
definition sufficiently good to examine critically the rotation of the 
vortex, but we think the tornado of August 7, 1936, which appeared 
in latitude N. 61° on the east limb, shows some rotation when 
projected on the screen. 

The tornado of July 15, which appeared in latitude S. 43° on the 
west limb, exhibited an ejection at the base which had the appear- 


14 Mt. W. Contr., No. 451; Ap. J., 76, 9, 1932. 
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ance of a surge, although no sun-spot was present. This eruption 
first appeared as a small hemispherical bump at the base of the 
tornado and rapidly grew into a streamer projected at an angle of 
50° to the vertical. This subsided, and the ejection was repeated at 
approximately hourly intervals. Because of interference by clouds 
only one ejection could be measured; the results are plotted in 
Figure 4, No. 6 with the surges, although we do not think that the 
ejection and the surges are the same phenomenon. The velocity, 
27 km/sec, is much lower than that exhibited by surges. 


We are indebted to Messrs. H. Sawyer, J. Brodie, and R. C. 
Williams for assistance in the observing program and for help in 
many other ways. 
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ON THE VARIABLE SPECTRUM OF 6 CEPHEI 


C. J. KRIEGER 


ABSTRACT 


The equivalent breadths of 355 lines are measured on microphotometer tracings 
of 20 one- and three-prism spectrograms and are listed in a catalogue. 

The variation of the equivalent breadths of the lines of H, Ca, Ti, Cr, Mn, Fe, and 
Sr, of the lines AX 4129, 4205, 4256, and 4280, and of the band at A 4200 and A 4300 is 
studied in detail throughout the entire period. 

From the ratio of K(Ca 11) to Hé a variation in spectral type from F5 just before 
maximum light to G4 near minimum is found. Five luminosity criteria, 4071/4077, 
4161/4167, 4215/4250, 4233/4235, and 4246/4250, indicate an average absolute magni- 


tude M = —2. 
The application of Adams and Russell’s method to the lines of Ca, 77, and Fe leads 


to a variation of the photospheric temperature from 6600° K at maximum light to 
5200° K near phase 3.5 days, and toa variation of the logarithm of the effective electron 
pressure from —5.2 near maximum light to —6.7 near phase 3.5 days. Comparisons 
with other determinations are made. 

The variation of the relative abundance of Ca1, Cam, Tit, Tim, Cr1, Mnt, Fet, 
Feu, and Sr 1 throughout the entire period is determined. An increase of the amount 
of metallic vapor above the photosphere near minimum light to about five times the 
value at maximum light is found. 

In a previous paper’ the wave-lengths of 380 absorption lines in 
the spectrum of 6 Cephei were listed, together with their estimated 
intensities near maximum and minimum phase. The present paper 
is an attempt to study in a quantitative manner the variation in 
intensity of the absorption lines, and to calculate the effective tem- 


perature of the photosphere and the electron pressure. 
I. OBSERVATIONS AND REDUCTIONS 
Twelve one-prism spectrograms taken at the Yerkes Observa- 
tory by Struve, Morgan, Swings, and Sullivan and eight three-prism 
spectrograms taken at the Lick Observatory were used (see Table 1). 


The dispersion of the Yerkes spectrograms is about 25 A per milli- 
meter near Hy. The phase was calculated from the formula? 


Maximum: JD 2393659.873 + 5.366396E — 0.84 X 10 EF’. 


Microphotometer tracings with a scale of about 3 mm/A near 
Hy were available.. The useful range of the Yerkes spectrograms is 


1 “A Preliminary Table of Lines in the Spectrum of 6 Cephei,” Ap. J., 79, 98, 1934. 
2 Kleine Veroffentlichungen der Universitaets-Sternwarte, Berlin-Babelsberg, 9, 1930. 
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from about \ 4020 to A 4700, and that of the Lick tracings is from 
about A 3900 to A 4515. 

Two one-prism spectrograms of the Sun were obtained at the 
Yerkes Observatory to be used as a standard. 

The profiles of the H lines, the H and K lines of Ca, the CV 
band at A 4200, and the CH band at \ 4300 were drawn. For fainter 
lines the actual area was replaced by a triangle. On each tracing, 
the equivalent breadths of about one-half of the lines were measured 
in this manner and expressed in Angstrom units. The intensities of 
the remaining lines were estimated by a method of interpolation. 


TABLE 1 
LIST OF SPECTROGRAMS 

Plate Date, U.T. oo desc Phase Plate Date, U.T. very Phase 
yc) eee 1930 Aug. 17.503 | 207.003 | 0.25 || IRgos55...} 1931 Nov. 16.137 | 661.637 | 4.11 
IR 9933*...| 1931 Oct. 22.250 | 636.750 | 0.69 || IRgg50...| 1931 Nov. 6.119 | 651.619 | 4.83 
7 ee 1930 Aug. 2.473 | 191.973 | 1.32 || 17540..... 1930 Aug. 27.445 | 216.945 | 4.83 
IR ogt0....| 1931 Oct. 18.037 | 632.537 | 1.84 || IR 90925...] 1931 Oct. 21.186 | 635.686 | 4.90 
iio ite 1930 Aug. 3.446 | 192.946 | 2.29 || IR Q926...| 1931 Oct. 21.225 | 635.725 | 5.03 
CL.) ea 1930 Aug. 25.425 | 214.925 | 2.81 y) ae 1930 July 26.476 | 184.976 | 5.05 
IR 9945....| 1931 Nov. 4.232 | 649.732 | 2.94 || IR 9928...| 1931 Oct. 21.340 | 635.840 | 5.15 
IR gg19....| 1931 Oct. 19.292 | 633.792 | 3.10 || IR 9938...| 1931 Nov. 1.200 | 646.700 | 5.28 
IR 9903....| 1931 Oct. 9.223 | 623.723 | 3.76 E7506... ... 1930 Sept. 18.417 | 238.917 | 5.33 
IR 9954....| 1931 Nov. 16.070 | 661.570 | 4.05 EM 
1930 Sept. 17.356 | 237.656. | 4:07 || ER 2943 SOME. 


* The prefix “IR” indicates a Yerkes Observatory plate; the other plates are from the Lick Observatory. 


While all reasonable precautions were taken in measuring the 
lines, systematic errors due to overexposure or underexposure, in- 
correct drawing of the continuous background, mechanical faults in 
the microphotometer, etc., will influence the results. It had been 
hoped to use only unblended lines in the quantitative study; but 
their small number resulted in the inclusion of others, not too seri- 
ously blended. This will lead in some cases to an increase in the ac- 
cidental error of observation. In view of these various factors the 
final conclusions based on the available material must be received 
with due caution. The use of high-dispersion spectrograms cover- 
ing a large spectral range from the ultraviolet to the red would in- 
crease the number of lines and improve the fundamental data. 

The results are listed in Table 2. The headings are phases in days. 
Column 1 gives the measured wave-length and column 2 the quality 
of the line, a measure of the difficulty encountered in evaluating its 
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TABLE 2—Continued 


Qual. 0.69 1.32 1.84 2,81 2.96 3.10 3.76 4.05 4.07 4.99 5.15 5.28 5.33 Sun 

\632,80 +10 15 +05 

N636.36 +10 20 +5 10 02 

4640.23 10 5 10 .15 .10 .20 2 

651.79 ¢ 15 +2 1010.20 20 Crt 1.9 

MET. +98 1.12 1.00 1.28 98 .18 .12 #6 

M673.29 DS +20 20 -20 10 

78.76 +20 20.30 6305 +O 5 


intensity; the next columns give the intensities for each plate; the 
next to the last column gives the principal contributor; and the last 
column gives the approximate lower excitation potential. Entries in 
the last two columns were made only for lines used in the quantita- 
tive study. For the other lines reference should be made to the 
preliminary paper. 


II. VARIATION OF EQUIVALENT BREADTH 


The variation of the spectral type and of the intensities of the 
absorption lines have been studied by Shapley,’ Pannekoek and 
Reesinck,4 Payne,’ Whipple,° Ogrodnikoff,’ and others. Adams and 
Joy® called attention in particular to the variability of the hydrogen 
lines. 


3 Ap. J., 44, 273, 1916. 4B.A.N., 3, 47, 1925. 

5 The Stars of High Luminosity, App. B, 1930. 

6 Lick Obs. Bull., 16, 1, 1932. 

7 Astr. J. of the Soviet Union, 10, 304, 1933. * Proc. Nat. Acad., 4, 129, 1918. 
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The behavior of the lines of 6 Cephei is shown for different ele- 
ments in Table 3, which gives the mean equivalent breadths listed 
in order of phase (column heading). Usually the means include 
values for several lines of similar excitation potential, the number 
of lines being indicated by figures in parentheses in the first column. 
The results are illustrated in Figures 1-9. In all figures the units 
of the abscissa are days. 

Hydrogen.—From the maximum just before zero phase, the in- 
tensities fall off, at first sharply and then more gradually, to a shal- 
low minimum near phase 4.0. The cycle is concluded with a quick 
rise tomaximum. Additional values, not listed in Table 3, are: phase 
5.03, 3.98 A; phase 5.05, 5.66 A. 

Calcium.—The line \ 4226 shows a rapid increase from phase 2.5 
to 3.5, and a somewhat more gradual decrease. Minimum intensity 
falls near phase zero. The lines of Ca 1 of higher excitation potential 
have curves of similar shape but smaller amplitude. In contrast to 
these, the two lines of ionized calcium increase rapidly from mini- 
mum to a broad, ill-defined maximum near phase 3.5, and return 
quickly to a narrow minimum. The effect of He on the H line of 
Ca has been removed by means of estimated values of He. 

Titanium.—A small number of neutral titanium lines, probably 
blended, indicate a flat maximum near phase 3.0. On the other hand, 
the lines of ionized titanium remain nearly constant from phase 0.0 
to 2.5, then increase rapidly to a maximum at phase 3.2, and de- 
crease more gradually to the minimum, which, for practically all ele- 
ments except hydrogen, coincides with maximum light at phase 0.0. 

Chromium.—A similarity between the behavior of the ultimate 
lines of chromium AA 4254, 4274, and 4289 and that of calcium 
A 4226 is noted. 

Manganese.—As usual, the maximum occurs near phase 3.5. A 
pronounced hump between phases 3.0 and 4.0 characterizes the 
ultimate lines AA 4030, 4033, and 4034, as in the case of calcium 
and chromium. 

Tron.—A feature common to all neutral iron lines is the very slow 
increase from minimum at phase 0.0 to phase 2.5, a rather rapid 
rise to a maximum near phase 3.2, and a more gradual decrease to 
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the minimum. With increasing excitation potential the amplitude 
becomes smaller and the maximum broader. The lines of ionized 
iron suggest a somewhat more uniform increase to maximum. 

Strontium,—Again the slow increase of the ultimate lines of Sr 11, 
d 4077 and A 4215 from phase o.0 to 2.5, and the pronounced hump 
between phases 2.5 and 4.0 are noted. 

CN and CH bands.—Swings and Struve’s? work indicates that ex- 
treme caution should be used in ascribing the depressions of the 
continuous background near \ 4200 and Xd 4300 to the molecular 
bands of CN and CH, owing to the presence of many closely packed 
atomic lines. It is not possible to separate the two effects on low- 
dispersion spectrograms, and the present measurements are merely 
the equivalent breadths of the depressions of the continuous back- 
ground. The intensity curves are very nearly symmetrical about 
the maximum near phase 3.2; the minima occur at, or shortly after, 
zero phase. The intensity of the CN band varies between 2 and 4 A; 
that of the CH band from 0.8 to 5.5 A. On the microphotometer 
tracings near zero phase, a depression around A 4200 is still plainly 
present; that near \ 4300 is much weaker and hardly different from 
depressions due to atomic lines in other parts of the spectrum. Addi- 
tional measurements at phase 0.25, not listed in Table 2, are: CN 
d 4200, 1.60 A; CH X 4300, 0.59 A. 

Other lines.—Lines with large variations in equivalent breadth 
are: AA 4129.65, 4205.20, 4256.14, and 4280.63. Eu is a possible 
contributor to the first two, the laboratory wave-lengths being 
4129.73 and A 4205.05, respectively. Lines 4256.14 and 4280.63, 
particularly the latter, are probably blends of several close atomic 
lines, to which Theodore Dunham, Jr.,’° has called attention. These 
two lines have in common the fact that Sa 11 is a possible contributor 
to both. For the equivalent breadths of these lines, consult Table 2. 


III. SPECTRAL TYPE AND LUMINOSITY CRITERIA 


Hynek"™ in his study of F-type spectra has measured, besides 
many other lines, H6 and the K line of Ca 1 in various types of F 


9 Phys. Rev., 39, 142, 1932. 
10 Contr. Princeton U. Obs., No. 9, 1929. 1 Ap. J., 82, 338, 1935. 
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stars. He finds a dependence of their equivalent breadths on the 
“line class.”’ His line class I includes sharp-line stars with an average 
of 3.0 for the ratio of the line width of Fe I \ 4045 in angstroms to the 


TABLE 4 
SPECTRAL TYPE AND LUMINOSITY CRITERIA 

Ratios 0.3 0.69 | 1.32 | 1.84 | 2.81 | 2.94 | 3.10 | 3.76 | 4.05 | 4.07 
Pickin K/H6 3.62 14.8 |5.9 | 6.3 | 6.9 |6.95 | 6.95] 6.9 |6.45 | 6.45 
Spectral 

class Go | G1 | G3 | G3 | G4 | G4 | G4} G4] G3] G3 
4071/4077 |... 0.415]0.415| 0.43] 0.43]0.41 | 0.44] 0.43/0.445] 0.45 
7 4161/4167 |..... [1.50 | 1.38] 0.97} | 3.33 
4215/4250 |..... 1.63 |1.63 | 1.63} 1.60}1.69 | 2.01] 2.26|}1.60 | 1.57 
4246/4250 |..... [1:42 | 1.42] 92) | 

Ratios 4.11 4.5 4.83 | 4.09 | 5.03 | 5.05 | 5.15 | 5.28 | 5.33 | Sun 
Spectral 

class G3 | G3 |} Gr | Fo | Fo | F6 | Fs | Fs | F6 | Go 
4071/4077 | 0.46)..... | ©.43] 0.41/0.40 | 1.11 
4215/4250 | 1.56|....- 1.42] 1.40]1.60 | 1.07 
4246/4250 | 1.22]..... 1.26} 1.26/1.42 | 0.60 


line depth in magnitudes W/m. 6 Cephei with a ratio W/m=2.25 
falls clearly into class I. The values of the ratio K/Hé for class I 
lines derived from Tables IV and V of Hynek’s paper, and the corre- 
sponding spectral types are: 


HARVARD SPECTRAL CLASS 


Fo Fs F8 Go 


0.93 2.38 3.68 


In Table 4 are listed the values of the ratio K/H6, derived from 
smoothed curves of these two lines; also the spectral class obtained 
by graphical interpolation from Hynek’s data. Figure 10 shows the 
variation of the ratio K/H6, and the corresponding classes. The 
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spectral type varies between F'5 just before maximum light and G4 
near minimum light. 

Five luminosity criteria for F-type stars, studied by Hynek," are 
listed in Table 4 and shown in Figure 11. The equivalent breadths of 
the lines, when entered in Hynek’s Figures 1—5, indicate, as expected, 
that 6 Cephei is a high-luminosity star. An average absolute mag- 
nitude, M=-—2, as indicated by other methods, follows from the 
criteria used by Hynek. 


IV. APPLICATION OF ADAMS AND RUSSELL’S METHOD TO THE 
DETERMINATION OF THE TEMPERATURE AND 
THE ELECTRON PRESSURE 

If N’ denotes the number of atoms engaged in the production of 
an absorption line of excitation potential EZ in 6 Cephei, and 7” the 
temperature of the photosphere of 6 Cephei, and if, further, V and T 
' are the corresponding quantities in the Sun, then Adams and Rus- 
sell’s “Method of Analyzing Stellar Spectra’ permits the calcula- 
tion of the stellar temperature: 


N’ No 
log log + so4ok( 7) + r log D’ (1) 


where for arc lines r = o. 

If log N’/N is plotted against the excitation potential E as 
abscissa, then log Ni/N,, the logarithm of the relative number of 
atoms in the lowest energy state, will be the intercept on the vertical 
axis. The coefficient of E, viz., 5040 [(1/T)—(1/T’)], will be the 
slope of the line; and if the temperature T of the solar photosphere 
is taken as 6000° K, then 7’, the temperature of the stellar photo- 
sphere, can be found for any phase. 

An important question is the relationship between the equivalent 
breadth B and the number of atoms N engaged in the production 
of an absorption line. 

A list of five multiplets of Fe 1 and 77, including twenty-one 
lines, was selected; and their equivalent breadths B were averaged 
over the whole period. The theoretical intensities, which are pro- 
portional to the number of atoms, were taken from Russell’s’’ table. 


2 Ap. J., 68, 9, 1928. 13 Proc. Nat. Acad., 11, 314, 1925. 
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In order to test the validity of the square-root relation, B = K VN, 
the square roots of the theoretical intensities in each multiplet were 
multiplied by a number &, so that their sum equals the sum of the 
equivalent breadths multiplied by 100: DkVI = B(100B). 

Table 5 summarizes the results by multiplets. The relationship 
B=KVN , and hence NV = CB’, is fulfilled satisfactorily for the lines 
used. 


TABLE 5 
THEORETICAL INTENSITY AND EQUIVALENT BREADTH 

Element Multiplets I kVI 100B 
POW 4472 38 17 24 +4 

4491 154 36 33 

4515 198 39 41 
4520 40 18 29 +? 
4555 203 48 45 -» 
4029 440 59 44-15 
b4F—z4D° 4508 70 36 30 76 

4522 112 45 45 

4541 28 2: 30 * 
4549 171 50 62+¢ 
4576 37 26 19 ~) 
4583 250 68 
4620 29 23 18 ~ 3 

4501 56 59 
a?P —z?D° 4533 18 68 68 
4563 10 51 ay 
4589 2 23 
a?H —2?G° 4549 108 58 6244 
4571 88 52 48 -4 


Attention has been called by Adams and Joy” to a general slight 
widening of lines at minimum in Cepheid variables. Quantitative 
measurements of the variation in breadth of several stronger lines 
in 6 Cephei and 7 Aquilae were made by F. L. Whipple,° who finds 
the same effect except for Hy and H6, which are widened at maxi- 
mum light. Dr. Otto Struve has examined visually several of the 
original spectrograms used in this investigation and has confirmed 
the broadening near minimum light. The quantitative measure- 
14 Proc. Nat. Acad., 4, 129, 1918; also W. S. Adams, Observatory, No. 538, 167, 1919. 
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ment of the equivalent breadths in this paper involved measuring 
both the line breadth and the central absorption. The original meas- 
uring-sheets, not published here, reveal the general broadening of 
many lines near phase 3.5 days, i.e., near minimum. I am indebted 
to Dr. Struve for the suggestion that in view of the broadening 
effect the curve of growth in 6 Cephei may be variable and that 
therefore somewhat different numbers of atoms may result from the 
total intensities as compared with the numbers obtained from the 
square-root law. However, since this question cannot be satisfac- 
torily answered from the low-dispersion spectrograms now available, 
the square-root law has been used in this investigation. 

The expression log N’/N can therefore be re-written as 2 log B’/B. 
Here B’ denotes the equivalent breadth of a stellar line, and B that 
of the corresponding solar line. 

If P; and P, denote the electron pressures in 6 Cephei and the 
Sun, respectively, then Adams and Russell’s method furnishes the 
relative electron pressure in 6 Cephei: 


ye 


where NV;{/N, is the logarithm of the relative number of ionized 
atoms of excitation potential zero. It is obtained by plotting the 
logarithm of the relative number of ionized atoms of different ex- 
citation potentials against H. Then a curve drawn parallel to the 
curve obtained from the neutral atom will have as intercept on the 
vertical axis log N;/N,. J denotes the ionization potential, and the 
other symbols have the same meaning as before. With an electron 
pressure P, of 3.1 X 10° at.’® assumed for the Sun, P; can be cal- 
culated for the three elements. 

To utilize formulae (1) and (2) for the calculation of T’ and log 
P, values of log N’/N for Ca, Ti, and Fe have been collected for 
selected phases in Table 6, the required values of B’ being read from 
the curves in Figures 2, 3, and 6. The appropriate values of B were 
taken from the last column of Table 3. The values of log N’/N for 
the lowest energy states (E.P. = o) of the neutral and ionized atom, 


1H. N. Russell, Ap. J., 70, 54, 1920. 
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TABLE 6 
VALUES OF LOG N’/N 


Element and 


> 


Number of 6.0 |} } 220 2.5 329 
Lines 

0.000 268 —0. 256 —0. —0.138 +0.334 +0.518 +0.518 +0.142\—0.080....... 
1.881|\— .176— .176— .134— .074,+ .068+ .100+ .100— .o18/— .112)....... 
2.605\— .270,— .230— .158— .124,+ .028+ .052,+ .027— .192....... 
Cau (2) ©.000\— .232\+ .222,+ .242-+ .248,+ .248+ .248/+ .242/+ .180....... 
+ .023/+ .o21/+ .o14'/— .128/— .203/— .203/— .073/— .033)....... 
log .268— .256— .1900— .138+ .334 + .518 + .518+ .142;— .080....... 
log — .232+ .222-+ .242-+ .242 .248'+ .248-+ .248+ .242/+ .180....... 
0.824+ .055+ .220+ .415 + .432+ .432 + .432 + .415 + .380'+ .304 +0. 242 
1.150+ .370+ .383 + .405 + .422+ .602\+ .750+ .704+ .502/+ .422 + .380 
2.155 + .404\+ .424'+ .444i+ .454)+ .634/+ .664/+ .552/+ .464/+ .424 
+ .034+ .039 + .032— .058— .086— .070+ .050+ .042 + .044 
log + .0o30+ .185\+ .385+ .400\+ .480-+ .500+ .475 + .340+ .270+ .2I0 
log (Ni/N;)|..... + .325\+ .335\+ .360+ .3801+ .770\+ .850+ .785\+ .450;\+ .370/+ .340 
Per ©.056— .250— .204;,— .116— .074+ .544,+ .704+ .720+ .444/+ .036/— .204 
I.§29— .250— .236— .214— .164-+ .296+ .504+ .5324+ .114,— .180— .232 
.024.+ .056-+ .088 + .440+ .492+ .468+ .256-+ .104+ .044 
3.328 — .080 .000 + .103 + .138+ .340+ .286-+ .200+ .072— .o40 
(24). 2.760+ .272-+ .332\+ .426+ .460+ .510+ .510+ .510+ .460+ .408+ .332 
+ .100\+ .094+ .091'+ .c80— .c60— .110— .030 + .065 +0.100 
log (No/No). . .360/\— .300— .200— .140-+ .520+ .700+ .750+ .310— .130....... 
log (Nt/Nx))..... —0.010 +0.060 +0.170 +0. 230 +0.650 +0.790\+0. +0.530/ +0. 210)....... 


TABLE 7 
MEAN PHOTOSPHERIC TEMPERATURE AND ELECTRON PRESSURE 


Element Weight} 0.0 1.0 2.0 2.6 3.0 3.2 3-5 4.0 4-5 


Temperature (T’) 


Sa ee I 6170 | 6200 | 6160 | 6100 | 5220 | 4830 | 4830 | 5520 | 5770 
“a nee ae 3 6250 | 6300 | 6290 | 6230 | 5610 | 5430 | 5530 | 6360 | 6300 
Nes asses did 6 6820 | 6750 | 6730 | 6640 | 5600 | 5310 | 5150 | 5790 | 6520 
Weighted 
MEAN. 1... ss: 6580 | 6560 | 6540 | 6460 | 5560 | 5300 | 5230 | 5930 | 6380 


Pressure (log P/) 


1 
Weighted 
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respectively, are log No/N, and log Ni/N,. 


For calcium these val- 


ues are taken directly from Table 6; for titanium and iron they are 
obtained from the graphs of log V’/N against E. Ionization poten- 
tials used are: Ca, 6.09V; Ti, 6.81V; Fe, 7.83V. 

The results for the temperatures and electron pressures in 6 Cephei 
are collected in Table 7 and are illustrated in Figures 12 and 13. 

The photospheric temperature varies between 6600° and 5200”, 
with a slow decrease from phase 0.0 to 2.5, a rapid drop to phase 
3.5, and a gradual increase to maximum at phase 0.0. The probable 


error is +150. 


TABLE 8 


TEMPERATURES FROM VARIOUS DETERMINATIONS 


Maximum | Minimum Author Method 
7000° 5800° Sampson * Spectrophotometric 
6700 4780 Hopmannt Colorimetric 
6400 5400 Pannekoek and Reesinck{| Spectrophotometric 
6200 4580 Pettit and Nicholson§ Bolometric 
6650 4500 Whipple|| Spectrophotometric 
6600 5580 Getting** Bolometric 

6600 5200 This paper Adams and Russell 


* M.N., 85, 240, 1925. 
+ A.N., 226, 1, 1925. 
B.A.N., 35 47, 1925. 


§ Contr. Mt. Wilson Obs., No. 369, 1928. 


|| Lick Obs. Bull., 16, 1, 


** M.N., 95, 139, 1934. 


1932. 


A comparison of the maximum and minimum temperatures as de- 
termined by other investigators is given in Table 8. A very satis- 
factory agreement with the mean of six other determinations is 
noted. It would therefore seem that Adams and Russell’s method is 
well adapted for the determination of stellar temperatures. 

K. Ogrodnikoff,’ using a limited number of Fe 1 and Fe 11 lines, 
found the rather small value of 400° for the range of the temperature 
variation. This was attributed by him partly to observational 
errors, but is more probably due to the use of insufficient material. 

The logarithm of the electron pressure in atmospheres varies 


between — 5.2 and —6.7 in a manner similar to that of the tempera- 
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ture. The pressure remains almost constant from 0.0 phase to 2.5, 
then drops to a minimum at 3.5, and returns to the maximum near, 
or after, maximum light. The probable error in log P? = to.13. The 
average of the logarithm of the electron pressure, taken over the 
whole period, is —6.08 from calcium, —5.64 from titanium, and 
— 5.66 from iron. 


+4 
Caz 
3 g 6 


Q 2 


é 
42 3 METALLIC 
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> 
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FIG.14-RELATIVE ABUNDANCE 


A range in the electron pressure of 30 to 1 is difficult to ac- 
count for, but the difficulty is similar to that encountered by Adams 
and Russell.” Russell’s® assumption of an atmosphere composed 
mainly of hydrogen would lead to an appreciable number of ionized 
hydrogen atoms and electrons near the temperature maximum. A 
large increase in the electron pressure near zero phase is noted in 
5 Cephei. 


© Ap. J., 70, 78, 1929; ibid., 78, 239, 1933. 


3 
2 
? 
ee, 
3 


1 


THE VARIABLE SPECTRUM OF 6 CEPHEI 323 


V. RELATIVE ABUNDANCE OF VARIOUS ELEMENTS AND COM- 
POSITION OF THE ATMOSPHERE AT DIFFERENT PHASES 


Table 6 gives for calcium, titanium, and iron, values of log No/N. 
and log N{/N,, i.e., logarithms of the ratio of the number of atoms 
in the lowest energy states in 6 Cephei to that in the Sun. Similar 

TABLE 9 
COMPOSITION OF THE ATMOSPHERE AT DIFFERENT PHASES 


Element 0.0 1.0 2.0 2.5 3.0 
No 0.005 0.005 0.006 0.007 0.022 
Nb 0.03 0.05 0.08 0.08 0.10 
NM 2.05 2.09 294 2.35 
No 0.03 0.03 0.04 0.05 0.16 
No 0.15 @.15 0.15 0.16 0.35 
No 0.13 0.15 0.19 0.22 0.99 
0.68 0.80 1.03 1.19 4.42 
| M 1.54 1.54 1.54 1.54 5.01 
5.18 6.46 6.99 744 17.21 
Ratio 5 Cephei/Sun.}......... 1.23 1.53 1.66 1.74 4.08 
TABLE 9—Continued 
Element 3.2 5% 4.0 4-5 Sun 
Nb 0.033 0.033 0.014 | 0.008 0.01 
6.86 5.91 2.93 2.49 0.97 
No 0.21 0.21 0.06 0.04 0.05 
| No 1.69 0.62 0.22 0.30 
M 4.32 2.37 1.13 0.70 
Nt 6.86 7 2.91 1.81 0.998 
Ratio 6 Cephei/Sun.]......... 5.28 5.52 2.59 1.00 


values for Cr1, Mn1, and Sr 11 may be obtained from the data in 
Table 3. The first nine curves of Figure 14 show the variation of the 
relative abundance of these elements, compared with the Sun. 
Russell’’? gives the whole number of neutral and ionized atoms per 


17 Ap. J., 70, I1, 1920. 
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unit area for the Sun in his Table XIV. The relative values of NV, 
and N, are readily found and are given in the last column of our 
Table 9. Their sum is unity for each element; but, of course, the 
unit of abundance is different for each element. It is thus possible to 
find the relative values of Nj and N; reduced to the same unit of 
abundance as used for the Sun. 

The total amount of metallic vapor above unit area of the photo- 
sphere, with the Sun as standard, is shown in the last line of Table 9 
and as the last curve in Figure 14. It varies from 1 at maximum light 
to 5 near minimum light. A slow increase from phase 0.0 to 2.5 is 
followed by a sharp rise to the maximum near phase 3.5 and a more 
gradual return to the minimum at phase 0.0. 


Grateful acknowledgment is made to Dr. Otto Struve, director of 
the Yerkes Observatory, for the loan of spectrograms, permission to 
make microphotometer tracings, and helpful advice; to Drs. R. G. 
Aitken and W. H. Wright, directors of the Lick Observatory, for the 
loan of microphotometer tracings; and to Dr. H. N. Russell for valu- 
able criticism and suggestions. 
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STUDIES OF EXTRA-GALACTIC NEBULAE 


PART II. COMPARISON OF YERKES AND 
HARVARD MAGNITUDES 


PHILIP C. KEENAN 


ABSTRACT 


Total photographic magnitudes of 120 nebulae are tabulated. From 51 objects com- 
mon to the two lists the correction to the magnitudes of the Shapley-Ames catalogue 
is found to have the constant amount —o.08 mag. between the eleventh and thirteenth 
magnitudes. The mean error of the individual Harvard magnitudes is estimated as 
+0.20 mag. 


In an earlier paper’ a procedure has been described for determin- 
ing the total photographic magnitudes of nebulae in such a way as 
to reduce to a minimum the systematic errors of measurement. The 
method consists essentially in photographing the nebulae and their 
comparison stars of the North Polar Sequence at different distances 
inside the focus in order to obtain images as nearly alike as possible. 
Photometric measurement of the total blackening of these images 
allows the integrated light of the nebulae to be expressed in the 
stellar magnitude scale. 

Observations carried out in this way with the 14.5-cm UV camera 
in the years 1933-35 have provided accordant mean magnitudes 
for 120 extra-galactic nebulae having declinations north of +50°. 
Since 51 of these objects are included also in the Shapley-Ames 
catalogue’ of nebulae brighter than the thirteenth magnitude, a com- 
parison of the two magnitude scales is now possible. 

When the Yerkes magnitudes for the individual nebulae are 
plotted against the Harvard values (Fig. 1), it is at once evident 
that any difference in scale which may exist between the two systems 
over the rather short range of magnitudes investigated is small in 
comparison with the scatter of the points; hence, a 45° line represents 
the observations satisfactorily within the errors of observation. 
The algebraic mean of the differences gives, as the equation of this 


line, 
my = my — 0.08. 


Ap. J., 82, 62, 1935. 2 Harvard Ann., 88, No. 2, 1932. 
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The mean error of a single difference (my — mg) is 0.26 mag., 

a value considerably in excess of the amount 
e= Vee 

predicted from the errors ey and ey, of the Yerkes and Harvard 
magnitudes, respectively, as derived from the internal agreement 
of the individual observations used to form the mean magnitudes 
within each system. For ey a minimum value of +0.12 mag. has 
been given by Seyfert.’ Since the average number of separate plates 
used in forming each Yerkes mean magnitude is 2.9, the discussion 
of residuals in Part I‘ indicates a value of +0.07 mag. for ey. The 
errors computed from internal consistency are minimum values; if 
the repeating tendency of inaccuracies in measures of individual 
nebulae is assumed to be the same for the two systems, the foregoing 
estimate of +o0.26 mag. for € leads to the following mean errors for 
the Yerkes and Harvard magnitudes: 


ey = + 0.16 mag., 
€y = + 0.21 mag. 


The dispersion found here for the Harvard magnitudes is greater 
than that estimated by Seyfert, who concluded from a comparison 
with his photometric measures of 46 objects that ey lay between 
+o.12 mag. and +0.18 mag. The difference is not surprising in 
view of the fact that the photometric method used at Yerkes differed 
from the procedure of Shapley and Ames in more respects than did 
Seyfert’s method. 

Seyfert determined also the correction to the zero point of the 
Shapley-Ames magnitudes as —o.05 mag. for nebulae fainter than 
Mpg, = 11.0. From the as yet unpublished photoelectric measures 
of Stebbins and Whitford at Mount Wilson a correction of about 
—o.1 mag. at m,, = 13 has been announced.’ The excellent agree- 
ment of both of these results with the value —o0.08 mag. found here 
justifies the conclusion that the corrections for the range from the 
eleventh to the thirteenth magnitude have been established within 
five hundredths of a magnitude. 

3 Harvard Circ., No. 403, 10, 1935. 4 Loc. cit., p. 73. 
5 Mt. Wilson Annual Report for the Year 1935-36, p. 186. 
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Since the consistency and accuracy of the Harvard magnitudes 
obtained by straightforward visual comparison of nebulae and stars 
on plates of small scale have been so well confirmed, it is unnecessary 
to extend further the measurements by our more precise, but time- 


my 
(Yerkes) 

13.0— of — 
e 
Zee? 
e 3 e 
e e 
12.0— 
Ze 
ba 
11.5 — 
11.0 — e 
| | | L 
II.0 41.5 12.0 12.5 13.0 my 


(H.A., 88, No. 2) 
Fic. 1.—Total photographic magnitudes of nebulae. The broken line represents 
the equation my = my — 0.08. 


consuming, method. The precision of nebular photometry now com- 
pares favorably with that of stellar work. The considerable scatter 
that remains among observations of individual nebulae is not sur- 
prising, in view of the structural differences associated with nebular 
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TABLE 1 
IGC m No. of _— NGC Mpg No. of Type 
NG vs Plates yp Plates 


= 
| | 
SBb || 3982........| 12.26 Sc 
2268........| 12.36 Sb E4 
2748........| 12.44 Sb 28.50 Ep 
a880........| 12.73 Es Sa 
g403........| 23.38 Sa: ||5707........| 13.03: Sb 
3619........| 12.46 Sa Sa 
3780........] 2.30 Sc Er 
3898........] 12.04 Sa 1 1237.......] 14.02 
ag 
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TABLE 1—Continued 

7 No. of ‘ No. of 

™pg Plates Type Plates Tipe 
13.38 5 S: 13.14: 2 Se 
cle 13.93 3 Shi 12.49 3 SBc 


sirable. 


February 1937 


YERKES OBSERVATORY 


6 M.N., 96, 588, 1936. 


7 Harvard Ann., 88, No. 4, 1934. 


type. The investigations of Redman’ on elliptical nebulae show that 
for certain types there may be large errors dependent upon the 
exposure time, and further detailed studies of these effects are de- 


In addition to the short-focus plates taken here, a number of one- 
hour exposures were made on fast plates with the 24-inch reflector for 
measurement of diameters and classification. For 35 objects com- 
mon to the two lists the average length of the major axis as meas- 
ured at Yerkes is 14 per cent greater than the value from the Shap- 
ley-Ames catalogue, in which the dimensions represent a compila- 
tion from various sources. The corresponding difference in the 
minor axis is 16 per cent. Since the Yerkes nebulae were all north 
of +-50°, no comparison was possible with the later list of measures 
made by Shapley on plates of long exposure.’ 

The magnitudes from the Yerkes plates are given in Table 1. 
The observations and reductions were made in part by the author 
and in part by Miss Helen Pillans. Successive columns give the 
New General Catalogue number, the total photographic magnitude, 
the number of plates used in forming the weighted mean of the 
preceding column, and the type in Hubble’s system of classification. 
For most of the brighter nebulae the types are taken from published 
lists, but estimates from photographs made with the Yerkes 24- 
inch reflector have been added wherever possible. 
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PHYSICAL PROCESSES IN GASEOUS NEBULAE 


I. ABSORPTION AND EMISSION OF RADIATION 
DONALD H. MENZEL 


ABSTRACT 


In this paper, the first of a series dealing with the physical state of gaseous nebulae, 
various fundamental formulae are derived. The total emission and absorption of radia- 
tion by atomic hydrogen are evaluated, together with the number of transitions to and 
from any quantum level, discrete or continuous. The equations are thrown into simple 
homogeneous form. The general equations that determine the statistical equilibrium 
of the assembly and the partition of atoms into various atomic states are developed. 
Solution of these equations is deferred until a later paper. 


This paper is the first of a series in which the physical conditions 
of gaseous nebulae will be discussed. While a gaseous nebula is 
undoubtedly a fairly complicated assembly, the physical state is 
probably simpler than that obtaining in a stellar atmosphere. Not 
only are the nebular problems more tractable theoretically, but the 
entire body of the nebula, because of its transparency, is open to 
observation. 

These papers will be concerned chiefly with the emission, both 
continuous and monochromatic, that arises from atomic processes. 
The directly scattered or absorbed stellar light will be discussed 
where it appears to have any direct bearing on the atomic emission. 
The source of the luminosity is taken to be from the star (or stars) 
imbedded in the nebula. This assumption is probably justified, 
despite our failure to locate the exciting star in a few cases, as for 
NGC 6960, the well-known Network Nebula, where perhaps the 
star is variable or obscured by cosmic dust. 

Fundamental to any discussion of physical processes is the evalua- 
tion of the rates of emission and absorption of radiation by atoms 
in various quantum states. The relation of the radiation field to 
the transitions that may occur was laid down by Einstein’ for dis- 
crete states and was generalized by Milne? to include continuous 
atomic states. Numerical calculations, however, require a knowledge 


* Phys. Zs., 18, 121, 1917. 2 Phil. Mag., 47, 209, 1924; ibid., 547, 1925. 
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of various atomic constants, which are known explicitly only for 
hydrogenic atoms. The general formulae are easily derived and 
may be reduced to a very simple form. 

Let N, be the number of atoms per cubic centimeter in quantum 
state m, and A,, the Einstein probability coefficient for spontaneous 
transition from state 7 to n’. We have the formula 


Qn’ 
Ang = (2) 
where w, and w,, are the statistical weights of the respective quan- 
tum states and f,, is the so-called “oscillator strength,’ which may 
be written 


I | 1 (2) 


The quantity g is the Kramer-Gaunt factor. 
The intensity of the incident radiation may be represented by the 
expression 


2hv3 I (3) 


where W is the “dilution factor,” not necessarily constant with re- 
spect to frequency, and 7, some convenient parameter that can be 
interpreted as a true temperature only if the radiation is “black’’ 
or “gray.” 

In general, the only part of the assembly likely to approach the 
condition of thermodynamic equilibrium will be the free electrons, 
which may possess approximately a Maxwellian velocity distribu- 
tion, defined by a kinetic temperature, 7.. In such an ionized 
assembly, electron captures will occur at about the same rate as in 
thermodynamic equilibrium. Considerable simplification results if 
we refer all other processes to the electron captures as a standard. 
When the velocity distribution of the electrons is Maxwellian, the 


3 Menzel and Pekeris, M.N., 96, 77, 1935. 
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ionized portion of the assembly may actually be regarded as being 
in thermodynamic equilibrium at temperature 7,. Accordingly, 
we may write JV, the number of atoms in quantum state n, in terms 
of N; and N,, the respective number of ions and electrons per unit 
volume, by means of the dissociation formula 


= ‘ On ARZ?2/n2kT 
b,N; N. (2rmkT ,)3/? 2 (4) 


where 6, is a factor indicating the degree of departure from thermo- 
dynamic equilibrium at temperature T.. For strict thermodynamic 
equilibrium 6, = 1. 

The atomic absorption coefficient per atom in state 2’ may be 
integrated over the line in question on the assumption that the in- 
tensity of the incident radiation does not change appreciably over 
the half-width of the absorption coefficient. This width will general- 
ly be governed by the kinetic velocities of the atoms. 

In the following theoretical discussion the calculated emission 
or number of excitations is referred to unit volume per unit time. 
The total radiation, absorbed in the transition n’ — n, including the 
effect of the “stimulated emissions,’ which must be counted as 
negative absorptions, is easily found to be 


I Te? 


Wn’ 2hvs 


— by 


(5) 


n'3 


2hRZ? 


= 


where 
K= hs R? 24 


= 2.676 X 10°” X 2.664 X 10° X 0.9802 
= 6.987 X 1073. (6) 
The second factor in the foregoing expression for K is easily seen to 


be three times the classical damping factor for frequency RK. The 
third factor is very close to unity. Dividing by hv, we find that the 
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effective number of transitions per second, from state m’ to state n, is 
equal to 


= NiN 


bn g 2ehRZ?/n7kTe 


(7) 


The stimulated emissions from the given state are counted as 
negative arrivals in that state. 
In these equations 


y = RZ (3 ar (8) 


n'2 


where Z is the atomic number. In thermodynamic equilibrium the 
factor in brackets reduces to unity. The total radiation emitted in 
spontaneous transitions from state n to n’ is 


KZ4 2hRZ? 
Ene’ = Ni Ne [3/2 by, ehRZ?/nkTe (9) 


and the corresponding number of downward transitions is 


g 2 ehRZ? 
n(n? — n’) 


Fan’ = (10) 

The Kramer-Gaunt factor, g, which is a function of m and mn’, 
may be computed exactly from equations given by Menzel and 
Pekeris,‘ or may be represented to a high degree of accuracy by the 
formula 


Menzel and Pekeris have shown that the foregoing equations may 
also be applied to transitions involving continuous states, by means 
of the simple substitution 


ik, (12) 
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where «x is a real, but not necessarily integral, quantum number. 
The absolute value of the resulting expression is taken, whenever 
the result happens to be complex. « is defined by 


K? K3 
(13) 
n? } 


v is the velocity of the photoelectron. To obtain the emission per 
frequency interval dy in any transition from a discrete state, n’, 
to a state, x, in the continuum, multiply the right-hand side of equa- 
tion (5) by dx and substitute from (12) and (13). The resulting 
expression’ is 


En',dv = dy , (14) 


T3 2 (el/kT: — 1) n’3 


where 


(15) 


For a Maxwellian velocity distribution at temperature T7,, 
b, = 1. When the distribution is not Maxwellian, ), may be de- 
fined conveniently in terms of the parameter 7., as follows, where 
the true distribution is f(v): 


/2 
f(v)dv = by 4a (16) 


5 For absolute homogeneity of the £’s and F’s the variable « should be retained. 
v is, however, a more convenient variable. For formal consistency we should have 
written En’xd« = En'y,’ dvx’. The latter notation has been discarded in favor of the less 
cumbersome form: En’« dv. The physical dimensions of En’ are thus not identical with 
those of En’n. The change should cause no confusion. 
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subject to the normalizing relation, 


if 


The total energy absorbed in the continuum beyond the n’-th quan- 
tum limit will be 


n’ 


(18) 


co 


I —ahv kT; 
by 
I 


For thermodynamic equilibrium, the bracketed factor reduces to 
unity, and 


Ti? 


fore) 
{ (19) 


The first summation may be written in closed form: 


"= = — em , (20) 


a=1 


Outside of thermodynamic equilibrium, the condition may con- 
ceivably arise when the value of the integral turns out to be negative. 
The physical significance of such a result is that energy is emitted 
rather than absorbed. This energy must be distinguished, however, 
from that arising in random emissions. The process merely puts 
energy back into the original beam, as if the atmosphere had a 
negative opacity. This extreme will probably never occur in prac- 
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The total number of excitations, per second, from atoms in state 
n’ to the continuum is 


(21) 
ahv,' hy» I 
where 
— E(-—x,) = { dx , (22) 


the well-known exponential integral. 
Calculating the random emissions in the same way, we find 


= by /kTeh dy , (23) 
‘ 
g 
= N iN € by n'3 (24) 


= Ni T3/2 by ehn'/*Tel — — (25) 

The results for the free-free transitions may be derived from 
equation (14) in the same way that (14) was derived from (5). For 
continuous states, 2’ — ix’. Multiply the right-hand side of (14) 
by dv, and substitute from the “primed” analogues of (13). The 
resulting expression is 


iphv/kTe _ 


This formula gives the absorption from continuous states in the 
frequency range dv, to upper continuous states in the range dp. 
Since both x’ and x vary continuously, there is an infinite number of 
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possible transitions that will result in the absorption of quanta of the 
same frequency. To calculate the total absorption of the given fre- 
quency, we shall first hold v constant and integrate with respect to 
ve. The result is 


Exy.dvdve = Ne 


The total absorption in all frequencies is given by a second inte- 
gration over all p: 


= -. |= b, ) 
° ° I 
T. 

(28) 
bx bx 


where the double bars signify that an average has been taken twice, 
first with respect to », and secondly with respect to v. As before, 
the bracketed factor reduces to unity for thermodynamic equi- 
librium. When we divide (27) by Ay and integrate to evaluate the 
total number of free-free absorptions, we find that the number is 
infinite. The significance of this result is not entirely clear. It does 
not appear to be a consequence of any approximation, such as the 
adoption of a mean value for g. The correct interpretation of this 
result is probably akin to that given for the well-known noncon- 
vergence of the so-called “partition function,’’ when excluded vol- 
umes are not taken into account. In assuming dy and dy, to be 
continuous, we have in effect taken the number of allowed quantum 
levels as infinite, whereas a precise quantum-mechanical enumera- 
tion of them, in a restricted volume, will lead to a finite number of 
states, only one of which can be occupied at any one time by an 
electron. The difficulty arises in the spectral region of very long 
wave-lengths, where the expression “quantum jump” may have no 
physical interpretation. Fortunately, evaluation of the integral is 
of no immediate importance. 
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The spontaneous free-free emission in the range dy is given by 


<i 
° € 


and the total emission, obtained by integrating (29), is 


{ { E,,:dv dv, = A iN. oR A gb. ‘ (30) 


The foregoing equations are mathematically sufficient for de- 
termining the statistical distribution of atoms in the various atomic 
states in a pure hydrogen atmosphere, where collisional processes 
are inoperative, except perhaps to preserve a Maxwellian velocity 
distribution among the free electrons. It is necessary to equate the 
numbers of atoms entering to those leaving each atomic level. Thus, 
for each quantum state, 2, we have an equation of the form 


eo 
Fyn + + = >) Fann t+ 
(31) 
+ > Pas. 
The significance of the notation is shown by the inequality 
. (32) 


We also have the condition that the energy absorbed must be equal 
to that emitted, in order to preserve equilibrium: 


Exndv + Exxdv dv, . 


n=1 n”=n+1 n=1 
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(33) 
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The problem is as follows: Given a gaseous assembly, with a 
certain number of hydrogen atoms per cubic centimeter, and inci- 
dent radiation of a specified spectral intensity and dilution. Cal- 
culate the quantities N;,N., T., and the respective values of b,. We 
have exactly the requisite number of conditions for solving the prob- 
lem. The only difficulty that arises, aside from the mathematical 
complexity that results from the summations, is the fact that we 
have an infinite number of equations to solve. Each equation is 
linear, and each involves the 0, for all states, higher and lower. In a: 
subsequent paper Mr. James G. Baker and I shall show how the 
equations may be solved in certain simple cases. The form into 
which the equations have been thrown, with the introduction of the 
factors b,, is surprisingly simple. The equations may, with simple 
changes, be adapted to the problem of transfer of radiation in a stel- 
lar atmosphere or in a nebula. 


HARVARD OBSERVATORY 
February 1937 
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NOTES 


PHOTOGRAPHS OF TWO NEBULAE 


NGC 1499 PERSEI 


The New General Catalogue describes this nebulosity as very faint, 
very large, extending from the north to the south, and diffuse. 
In reality the nebula extends from north preceding to south following 
over an area of more than two degrees. The width of the nebula 
is somewhat more than half a degree. This enormous mass of nebu- 
losity has the appearance of filaments and is very difficult to see 
visually in the reflector. As a matter of fact, only the brightest 
portions can be seen. Excellent photographs have been secured in 
the past by Isaac Roberts, Barnard, and others. Plate 29 of the 
Atlas of the Milky Way, by F. E. Ross and M. R. Calvert, shows the 
region of the sky in which this nebula is located. The illustration in 
Plate XVI is a composite picture of two separate photographs, each 
3 hours and 30 minutes in duration and obtained on a Lumiére 
“Super-Opta”’ plate. 

NGC 7000 CYGNI 


Plate XVII shows the southern part of the North America nebula. 
The original photograph was obtained on September 12 and 14, 
1934, the exposure time being 4 hours. The plate emulsion was 
Lumiére ‘‘Super-Opta.”’ 


Both photographs were secured with the reflector of the astro- 
nomical station of the Paris Observatory at Forcalquier. This 
instrument, of which the optical parts were made by Mr. A. Couder, 
astronomer of the Observatory of Paris, and the mechanical parts by 
Mr. G. Prin, of Paris, has an aperture of 810mm. The focal length 
is 4.82 meters, giving a focal ratio of 6. The plane mirror used in the 
Newtonian arrangement has a diameter of 253 mm. It reflects the 
light not, as is usual, at an angle of go° but at an angle of 125° to 
the direction of the original beam. M. pe KEROLYR 


FoRCALQUIER, B.A., FRANCE 
March 2, 1937 
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NOTES 


THE SOLAR CORONA OF JUNE 19, 1936 


The photographs shown in Plate X VIII were secured by the eclipse 
expedition of the Astronomical Observatory of Kiev, U.S.S.R., at 
their station in Vengerovo, West Siberia (longitude 55%6™59*; 
latitude +55°41’3’’). The purpose of the expedition was to observe 
the exterior corona with a Cooke doublet astrograph, having an 
aperture of 153 mm and a focal length of 1.75 meters. The sky was 
perfectly clear, and six good exposures were secured. The exposure 
times of the three photographs in Plate X VIII were one second, two 
seconds, and five seconds. Ilford Monarch plates were used in this 
work. The third photograph is especially interesting. The streamers 
of the corona are shown to a distance of four and one-half times the 
radius of the sun, from the limb of the moon. Much of the detail 
of the corona is lost in the reproductions. The line of white spots 
on the longest exposure is due to a defect on the original. 

I. I. 
ASTRONOMICAL OBSERVATORY 
Kiev, U.S.S.R. 
January 10, 1937 
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REVIEWS 


Annals of the Solar Physics Observatory, Cambridge, Vol. IV, Parts II, III, 
and IV. Edited by F. J. M. Stratton. Cambridge: University Press; 
New York: Macmillan Co., 1936. $5.50. 

This publication containing results of studies of three novae is particu- 
larly timely, coming as it does soon after the appearance of two of these 
objects. The three parts are quite independent, and it will be convenient 
to discuss them separately. 


PART II. ON SOME SPECTROGRAMS OF NOVA PERSEI IQOI 
BY F. J. M. STRATTON 


Cambridge and Yerkes spectrograms form the basis of this paper, 
which includes a general account of the spectral changes, beginning with 
the first Harvard observations. Two results of special importance de- 
serve mention: (1) a set of fine absorption lines was recognized as ap- 
parently composing an undisplaced a Cygni spectrum, as in Nova Gemi- 
norum; (2) the emission structures during the first few weeks showed close 
correspondence with those of the nebular stage six months later. A maxi- 
mum giving a velocity of — 700 km/sec was especially prominent. Even 
more significant is the comparison with Mount Wilson observations of 
the nebula in 1934, showing the violet maximum localized in the bright 
bar of nebulosity southwest of the nova. 

The paper is concise, interesting, and easy to read. Two halftone plates 
show the emission structures and the remarkably diffuse character of the 
displaced absorption lines. There is little reason to wonder why informa- 
tion of the absorption spectrum is so meager. All students of novae will 
feel indebted to Professor Stratton for bringing together the scattered 
material and furnishing a modern account of this nova. 


PART III. NOVA AQUILAE 1918: A DISCUSSION OF THE DEVELOPMENT 
OF THE BAND STRUCTURE, BY E. S. PEARSON 
This paper gives results of exhaustive measures of band structure on 
plates taken at Victoria during the first five months of the nova’s activity. 
A detailed comparison is made with published data from other observa- 
tories up to two years after the light maximum. Comparisons with Lick 
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plates taken in 1920, showing the origin of maxima of emission in local 
regions of the nebulous shell, are especially significant. 

The main features of the bands appeared very early and persisted 
throughout the two-year interval. The strong ‘“‘violet’”’ emission, Maxi- 
mum (3) and Maxima (1) and (2) in the core of the band, were first 
traced only four days after light maximum. These increased in strength 
and distinctness during succeeding months. Several fainter maxima were 
also measured. The features seemed to be definitely associated in pairs 
nearly symmetrical about the band center. Maxima (1) and (2), how- 
ever, gave a mean velocity 60 km/sec different from the mean for the other 
seven pairs. This pairing is one of the most mystifying features of the 
problem. One is reminded of the two knots of nebulosity moving in op- 
posite directions from Nova Pictoris and Nova Herculis. 

The author accounts for the localization of maxima in the nebula by 
expansion of gases in linear jets from the star. This attractive hypothesis 
gives a good account of the asymmetry of the bands when the slit was in 
position angle 202°. The author mentions difficulties in interpreting the 
appearance with the slit perpendicular to that position, but in the re- 
viewer’s opinion too little weight was attached to effects of seeing and 
guiding and to the possibility that other parts of the nebula would have 
radial velocities equal to those of Maxima (1) and (2). One feature of the 
hypothesis which is difficult to accept is the suggestion that the ejection 
continued for a year, as an explanation of the images of Maxima (1) and 
(2) extending up to the central line of the spectrum. This also seems at- 
tributable to seeing, guiding, and halation. In fact, it appears possible to 
account for the observed effects by a shell of gas containing local bright 
knots. 

The paper is certainly a thorough piece of research and a contribution 
of the first rank. Because of the minuteness of description and the com- 
plexity of the bands, it is rather hard to read. A graphical presentation 
of the positions of structural features and their changes with time would 
have aided materially in clarifying the subject. As it is, one must extract 
the information from the tables. Probably only the earnest specialist in 
nova spectra will wish to attempt it. The general reader, however, will 
find the beautiful halftone plates of the spectrum most instructive. 


PART IV. THE ABSORPTION SPECTRUM OF NOVA HERCULIS 1934 
THE FIRST PHASE, BY F. J. M. STRATTON 


This last paper gives the combined results derived from Greenwich, 
Edinburgh, and Cambridge spectrograms of Nova Herculis, from its dis- 
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covery through light maximum to the first light minimum on December 
27. Full details of emission band widths and individual line displace- 
ments, in angstroms and in km/sec, are tabulated. Summaries of veloci- 
ties by elements for each date are given in the text. It would be difficult 
or even impossible to arrange the material in a form better suited to the 
ready availability of specific information to the reader. The last and 
most extensive table includes multiplet designations of lines. However, 
one looks in vain for intensities. 

A critical examination of the tables reveals a few cases in which other 
identifications or additional blended lines appear very probable. In par- 
ticular, several lines of Zr 11 are omitted. With few exceptions there is a 
discordance of velocity which is decreased by adopting the modified 
identifications. 

The text of the paper is concise and easily read. This account of the 
early stages of the spectrum will be invaluable to all students of novae 
and very informative to the general reader. A fine halftone plate shows 
Greenwich slitless spectra and Cambridge slit spectrograms and makes 
the changes of spectral type and velocity obvious at a glance. 

The publication is one of the few major contributions to the literature 
of novae. Like previous Annals it is bound in stiff board covers, and it 
comes up to the standard of excellent typography set by them. 


DEAN B. McLAUGHLIN 
Observatory of the University of Michigan 
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